Carbohydrate metabolism in sugar cane chloroplasts by Davies, Dewi Rhys
CARBOHYDRATE METABOLISM IN SUGAR CANE CHLOROTLASTS
A Thesis submitted by
Dma RHYS DAVIES 
s candidate for the Degree of
Doctor of Philosophy
in
BIOCHEMISTRY
I R. H. G. LIBRARY !
i CLASS ^ E  j  
: Ntv i 3 x & V j
;CATt ACQl
July 1974
Department of Biochemistry 
Royal Holloway College 
University of London 
EKGLEFIELD GREEN 
Surrey
ProQuest Number: 10097392
All rights reserved
INFORMATION TO ALL USERS  
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest.
ProQuest 10097392
Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.
Microform Edition ©  ProQuest LLC.
ProQuest LLC 
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106-1346
aACKWOWtËDGBMENt
X would like to take this oppoftunity to thank 
Professor J.B, pridham for his encouragement, airport and 
interest during the supervision of this work*
I wish to thank Professor E.J* Bourne for his interest 
and advice*
X also wish to thank Professor A*J« Vlitos and hi# 
colleagues at the Tate and Lyle Research Centre for many helpful 
discussions during the course of this work*
I am indebted to Tate and Lyle Ltd* for financial support,
ABSTRACT
Some tropical plants (Hatch-Slack<»Kortschak or HSR plants), 
for exasg>ie sugar cane, have an unusual leaf morphology In that 
there are single layers of cells surrounding the vascular bundles.
This layer is in turn surrounded by mesophyll cells. The chloroplast 
in these two types of cell exhibit a structural dimorphism. The 
mesophyll chloroplasts appear to be 'normal* plant chloroplasts 
whereas the bundle sheath chloroplasts have no graaa and the stroma 
contains large starch grains when the plant is photosynthesizlng 
and this starch is metabolised Wien the plant is placed in the dark.
Methods for the isolation and separation of these dimorphic 
chloroplasts have been developed and the carbohydrate metabolism in 
the two types of organelle investigated. The enzyme activity 
associated with the soluble protein fractions from both mesophyll 
and bundle sheath chloroplasts have been examined, significant 
activities of ««amylase, sucrose synthetase, sucrose phosphate 
synthetase, UDP-g-glucose pyrophosphorylase, ADP-D-glucose trans* 
glucosylase and pyrophosphatase were associated with both types of 
organelle whereas those enzymes thought to be concerned in the 
regulation of starch metabolism, i.e. ADP«D«glucose pyrophosphorylase 
and starch phosphorylase were localized mainly in the bundle sheath 
chloroplasts. These results suggest that Wiereas both types of 
organelles are able to synthesize sucrose from hexose phosphates, the 
bundle sheath chlor<^lasts are specialized for starch storage. The 
properties and regulation of some of these enzymes have also been 
examined. The unusual process of CO^ fixation and the general metabolism 
of starch and sucrose in these plants is discussed.
The galactolipid contents of the mesophyll and bundle sheath 
chloroplasts were analysed and it was found that the monogalactosyl
diglyceride i digalactosyl diglyceride ratio in bundle sheath 
chloroplasts was lower than in mesophyll chloroplasts# This 
suggests that the stroma lamellae are rich in digalactosyl 
diglyceride#
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ABBREVIATIONS
ADP adenosine 5^ «diphosphate
ATP adenosine 5'«triphosphate
BSA bovine serum albumin
cpm counts per minute
DGDQ digalactosyi diglyceride
dpm disintegrations per minute
BDTA ethylene diaminetetra«acetic acid
USt Hatch«Slack«KortsChalc
MQBa monogalactosyl diglyceride
NADP^ p«nicotinamide adenine dinucleotide phosphate (oxidised)
KADPH ^«nicotinamide adenine dinucleotide phosphate (reduced)
OAA oxaloacetate
PEP phosphoenolpyruvate
3«PGA 3-phosphoglyceriC acid
Pi inorganic phosphate
PNPO p«nitrophenol a-D galactoside
POPOP 1,4 di C2«(3«phenyl oxasolylS «benscne 
PPi inorganic pyrophosphate
PPO 2,5«diphenyloxasole
PVP polyvinyl pyrplldone
f density
electrophoretic mobility relative to picric acid 
R^ chromatographic mobility relative to glucose
TLC thin layer chromatography
Tris 2«amino«2«(hydroxymethyl) propane«1,3«diol
(®P uridine 5'«diphosphate
UTP uridine 5'«triphosphate
I N T R  O D Ü C T  I O N
I, photosYptliesi»
The major pathway of photoayathotic carbon dloxWa fixation 
in algao and tanparate planta la the carbon reduction cycle of 
Benaon and Calvin (1-5) but 0-carboxylation, that ia the combination 
of carbon dioxide and phoaphoenoi pyruvate to give oxaloacetate, may 
be involved to a aignifleant extent (6).
Per many yeara it waa thought that all photoayntheaiaing 
green planta fixed carbon dioxide by the enaymic carboxylation of 
g-ribuloae, 1,5-diphoaphate to give two molecule# of 3-phoaphoglyceric 
acid (3-POA), The enmyme involved in the initial fixation ia ribuloae 
1,5-diphoaphate car boxy laae (B,C,4.1#1.f) (carboxydiMMitase), A 
summary of the reactions and the cnaymes involved in the Calvin-Benaon 
cycle is giv#% in Pig.1,
Calvin and Benaon (1,2) used to study carb«s reduction in
photoayntheaia. They allowed OSlorella pyrenoideaa to photoayntheaiae 
in an atmosphere of for a few seconds, then the algae were
killed by immersion in boiling alcWiol and then the incorporation of 
label into organic molecule was examined by a two-dimenalwal chroma­
tography and autoradiogr^hic study. The first identifiable products 
of photosynthesis was shown to be 3-PQA% hexose pWaphate# and other 
sugar phosphates become labelled at a later stage.
A. The Calvin-Benaon cycle (5>
The first step in the cycle ctm be regarded as the converaioa 
of ribulose-5-phoiphate into ribuloae 1,5-dipho#»hate by the ensyme 
pho^horibulokinase @  which requires ATP. The pentose is thus 
converted to a form which can undergo a carboxylation step at the 
position Which is catalysed by the ensyne ribuloae 1,5-dlphos|^te 
carboxylase (f) • During the reaction the bond betwena and Cg 
breaks and two molecules of 3-PGA bre released. The meeluuiisn of the
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rcftction appeairs to involve an enzyme bond p*keto intermediate (7) 
(Fig.2)
Ç«a-«-0
HO-CH 
• I 
0-00
b-ceo
m x m
H2<Lo. ®
ribulose~1,5~dipho@phate 3^pho«phoglycerate
Fig.2 The proposed reaction mechanism of ribulose 1,5-dlphosphate 
Carboxylase.
0=0 m-c-co *1 4
HC-OH >HCO *1 3 y
0=0
H(LmHC-OH
-
Ribulose 195-diphosphate carboxylase appears to be a large
molecular weight protein made up of subunits. The enzyme appears
2*to be under allosteric control by bicarbonate and by Mg . The pH
2‘4*optimum of the enzyme is shifted from R.5 in the absence of Mg 
to 6.5 at a concentration of 10* M. The apparent K values (NaHCO^ ) 
for the enzyme are decreased by raising the Mg concentration (S>. 
However the enzyme has a low affinity for NaHCX)^  and it is thought 
that the substrate ('# for ribulose 5-carboxylase is GO^ and not 
HC0^<9).The next st^ in the Calvin-Benaon cycle (Fig.1) is catalysed 
by phosphoglyccryl kinase (?) tdiich converts 3-FGA into 1,3-diphos* 
phoglyceric acid. This is followed by an NADPH dependent reduction 
to produce glyceraldehyde 3-phosphate. The enzyme involved iis triose 
phosphate dehydrogenase (^. Some of the glyceraldehyde 3-phosphate 
can be converted to dihydroxyscetonephoaphate by an isomerase and 
these two triose phosphate units can condense by the action of an 
aldolase to give fructose 1,6-diphosphate which can then yield
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fractose-6-phosphate by the action of a phosphatase
A transketoiase ®  will convert fructose  ^ phosphate 
into a thiamin pyrophosphate <TPP) glycolaldéhyde addition 
cong>lex and erythrose 4-phosphate* Aldolase @  condenses erythrose- 
4-phosphate and glyceraldehyde 3-phosphate to give sedoheptulose 
1,7-diphosphate which under the action of a phosphatase @  gives 
sedoheptulose-7-phosphate» A transketoiase @  reaction produces 
another molecule of TPP-glycolaldehyde addition compound together 
with ribose 5-phosphate*
The two molecules of TPP-glycolaldehyde addition complex 
undergo a transketoiase @  reaction with two molecules of glycer­
aldehyde 3-phosphate to give two molecules of xylulose 5-phosphate 
which are then converted to ribulose 5-phosphate by an epimerase @  * 
The remaining ribose 5-phosphate is converted to ribulose 5-phosphate 
by an isomerase @  and this completes the cycle*
The net effect is that for every three molecules of CO^ 
combining with ribulose 1,5-diphosphate# six molecules of 3-POA are 
produced* five molecules of 3-PGA are converted to pentose phosphates 
which can undergo a further cycle and the remaining triosephosphate 
represents the net yield of the cycle (5)#
Comprehensive accounts of the evidence supporting this cyclic 
process have been given in several reviews <3-5,10,11) and it has 
been widely assumed that the CalvinBenson cycle operates generally 
in algae and higher plants*
The process whereby carbon dioxide is fixed and transformed 
into carbohydrates requires a source of adenosine triphosphate (ATP) 
and reduced pyridine nucleotide (NADPH) (12)# the autonomus 
biosynthetic capacity of chloroplasts depends on their ability to 
generate ATP and reducing power from radiant energy. These are
13
produced by the photosynthetic electron transport system.
B* Photosynthetic Electron transport in chloroplasts.
The current theory on the electron transport system in
photosynthesis is summarised in Fig.3. (13, 14)* The electron
transport system can be divided into two light reactions,
Photosystem 1 and photosystem 2, which cooperate in a sequential
manner* The light induced electron flow is coupled to the formation
of ATP. The sites at which photophosphorylation is thought to
occur is shown in the diagram. The reduction of NADP* is mediated
by the light absorbed by Photosystem 1* The oxidation of water to
oxygen is brought about by the light absorbed by Photosystem 2.
Quanta absorbed by the light harvesting pigments in Photosystem 2
result in excitation of the trap molecule followed by the transfer
. ^
of an electron from X to C-550 thus creating a primary oxidant X 
and a primary reductant C-550 * The two photosystems are connected 
by an intermediate electron transfer coo^lex which is known to 
consist of plastoquittone (PQ), cytochrome 559, cytochrome f and 
plastocyanin (PC), (^anta absorbed by the light harvesting pigments 
of photosystem 2 are transferred to the trapping pigment P-700.
This leads to the production of a oxidised P-700 molecule and 
reduced Z. The primary reductant Z* is assumed to have a potential 
of -0*5 to -0.7V since it is capable of reducing ferredoxin 
(Eo* = - 0*43). Reduction of NADP* by electrons from Z* is mediated 
by ferredoxin and the flavoprotein, ferredoxin-NADP reductase.
Artificial electron acceptors, such as dichlorophenol indophenol, 
ferricyanide and methylene blue, accept electrons from photosystem 2 
at point A on the intermediate electron transport chain. The light 
induced reduction cf these oxidants with the concomitant evolution of 
oxygen is termed the **Hill reaction" (15).
13A
CHL = chlorophyll 
X = primary oxidant 
C-550 = primary reductant 
PQ = plastoquinone 
Cyt-b = cytochrome b^^g 
Cyt f = cytochrome f 
PC = plastocyanin 
P-700 = Trapping pigment 
Z = unidentified acceptor 
Cyt-b = cytochrome b^
A = Hill oxidants ,
P H O T O S Y S T E M  I P H O T O S Y S T E M  I
FERRBVOXIN
N A D P  +
ADP
DP
.C y t -
y *5 5 9  ATP
'ATP
C y t- f
PC
CHL.
P-7O0
-  —O  • 6
- -0 2
- + 0-2
- +0-4
+0 6
+ 0 8
Fig. 3. Photosynthetic electron transport in chloroplasts
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It i$ mil established that isolated chloroplasts generate 
ATP by two different mechanisms termed cyclic and non-cyclic 
photophosphorylation (16-18),
Cyclic photophosphorylation is the process by which ATP is 
generated by an electron transport system but there is no net 
change in the oxidation-reduction state of any of the components 
of the system* Thus reduced KADP is not produced by the mechanism (18), 
(see Fig* 4).
%n-cyclic photophosphorylation is also an electron transport 
system which requires light energy* In this case ATP is formed but 
there is a net reduction of ferredoxin accompanied by the photolysis 
of water and the evolution of oxygen* The reduced ferredoxin is 
used via reduced HAPP to provide the reducing power required for 
carbon dioxide fixation (18), (see Pig* 5),
Intact chloroplasts isolated from spinach can biosynthesise 
proteins from amino acids using the ATP formed by cyclic photophos** 
phorylation because the process does not require a source of reducing 
power but the photo-assimilation of CO^ under the sas&e conditions 
shows a dependence on both cyclic and non-cyclic photophosphorylation 
(19)*
Non-cyclic photophosphorylation results in ATP and NADPH being 
produced in equimolar amounts* However, the Calvin cycle requires 
2NADPH and 3ATP for every molecule of CO^ assimilated to the level of 
hexose* The additional ATP together with that required for starch 
and sucrose biosynthesis in the chloroplasts comes from cyclic photo- 
phosphorylation (18).
Cm The Hatch-Slack-Kortschak pathway*
The above account of CO^ fixation is valid for swst algae and 
temperate plants* Since 1965, however, the ^carboxylation reaction
15
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ATP Cyt.f
Chl
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Fig, 4. Cyclic photophosphorylation
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Fig. 5. Non-cyclic photophosphorylation
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has been shown to be of great importance in some tropical plants» 
Kortschak, Hattt and Burr (20) reported that 3*^ FGA was not amongst 
the fitst major products of photosynthesis when sugar cane leaves 
were exposed to but instead radioactive malate and aspartate
were produced. This result was confirmed in the following year by 
Hatch and Slack (21)* This pathway of CO^ fixation has become 
known as the Hatch-Slack-Kortschak, or HSK pathway, in order to 
distinguish it from the Calvin cycle of CO^ fixation (22,23)* In 
this thesis plants which fix CO^ by the 4 carbon dicarboxylic acid, 
^^carboxylation pathway, will be known as HSK plants.
The initial findings of Hatch and Slack (21) and Kortschak 
et al (20) have stimulated a number of laboratories to pay con<* 
siderable attention to photosynthetic 00^ fixation by tropical 
plants and it should be noted that this pathway occurs in plants 
which are of great economic iag>ortance such as sugar cane (Saccharum 
officinarum) and maise (gga mays)* Although much agricultural 
research has been carried out on these two species there has, until 
recently, been very little fundamental biochemical research (24).
Hatch and Slack (21,22,25) in a series of pulse chase
experiments have shown that when sugar cane leaf segments are 
14exposed to CO^ malate and aspartate are formed first, then 3^ PGA, 
followed by hexose w>nophosphates and diphosphates* Radioactive 
sucrose and a*glucan are produced at a later stage. These workers 
(21,26,27) have proposed that the initial fixation of CO^ in sugar 
cane involves the enzyme phosphoenol pyruvate carboxylase (FBP 
carboxylase B.C.4.1*1*31) and that the initial product of carboxy* 
latiott is oxaloacetate*
%
HC0,**C-O-® c«»bo«ylas.
' ioOH
COOK
phosphoenol pyruvate Oxaloacetate
COOH
I
CH^
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the proposed HSK pathway of €0^ fixation in augar cane ia 
ehown in Fig# 6 (22#2&,27),
Baldry# Bucke and Coomba (2$) working with isolated sugar 
cane chioropXaata reported that the FJBF carboxylase (?) reaction 
ia atitouiated by light and they suggested that the photoreduction 
of oxaloacetàte to malate by KADP specific malate dehydrogenase ia 
also light stimulated (^# Further work by this group suggested 
that PEP carboxylase purified from leaves of the HSK tr< i^cal plant 
Pennisetu* purpurewm has allosteric properties (29*32)# The allosteric 
effectors were phosphoenol pyruvate (PEP) and glucose*6*phoaphate (06P)# 
High concentrations of GbP at low concentrati^ma of PEP inhibited the 
ensyne reaction, whereas high concentrations of 06P at high concen­
tration of PEP stimulated the reaction# hhen the concentration of 
OOP exceeded that of PEP the reaction velocity approached that in 
control samples at saturating concentrations of PEP (31)#
They also examined NAXK*specific malate dehydrogenase which is 
believed to reduce oxaloacetate to malate in this plant (33)#
Initially Hatch and Slack were unable to show that oxaloacetate 
is one of the first products of sugar cane of photosynthesis in sugar 
cane leaf segments because it was destroyed in the isolation procedure 
but later they modified their procedure and isolated the oxaloacetate 
in the form of its 2,4-dinitrophenylhydrazone, By using this technique 
they were able to show a small Incorporation of label into oxalo­
acetate (21,34)# Little evidence was obtained to suggest that oxalo­
acetate could be converted to a^artate by an endogenous transaminase 
ia sugar cane chloroplasts (23) however labelled aspartate is formed 
when leaf segments are exposed to (20,21)#
The next step in the KS& pathway is a theoretical transcarboxy­
lation reaction involving oxaloacetate and a or G, coapound produced
18
Fig. 6* A proposed scheme for the HSK pathway of photosynthesis
The asterisks indicate carbon labelled initially ty 
The following enzymes are operative in catalysing the 
reactions numbered; ' - '
(1) phosphoenolpyruvate carboxylase;
(2) NADP and possibly NAD-speclfic malate dehydrogenases;
(3) aspartate aminotransferase;
(4) pyruvate, dikinase;
(5 ) adenylate kinase;
(6) pyrophosphatase;
(7) transcarboxylase proposed but acceptor and reactian as yet ' 
unknown, the remaining yields pyruvate;
<8> 3*phosphoglycerate kinase; /
(9) NADP-glyceraldehydephosphate dehydrogenase; ;
(10) triosephosphate isomerase;
(11) aldolase;
(12) fructosediphosphatase;
(13) reactions presumed to be similar to Calvin cycle;
(14) ribosephosphate isomerase;
(15) phosphoribulokinase;
(16) possible reaction which forms a compound from a sugar 
phosphate;
(17) phosphoglycerate mutase and enolase, reactions indicated by 
dotted lines since this interconversion is probably a non- 
essential part of the overall scheme.
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Fig. 6. A proposed scheme for the HSK pathway of photosynthesis
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from either ribulo8e-5-phosphate or ribose 5-phosphate by an 
enzyme * If the compound is ribulose-1,5-diphosphate 
then 3-PGA would be produced# This would mean that only the 
initial fixation of CO. is different in HSK plants and that the 
latter steps yj) are identical to those of Calvin cycle 
plants <5). This theory is supported by the rates of labelling 
of 3-PGA and hexose phosphates and also by the distribution of 
label in the molecules on the basis of short term labelling experi­
ments, So far, however, the enzyme which carries out the trans­
carboxylation reaction has not been shovsi to occur (22).
The regeneration of the phosphoenol pyruvate is brought 
about by the enzyme pyruvate, phosphate dikinaae Q) an enzyme 
which is more abundant in HSK plants than in Calvin cycle plants. 
This would also require the presence of adenylate kinase and 
pyrophosphatase @  in order to make the reaction energetically 
feasible (22,23), These enzymes are also abundant in HSK plants 
(22), Pyruvate, phosphate dikinase is remarkable in that it under­
goes an 18-fold activation during illumination prior to extraction 
of the leaf (35),
The HSK pathway of CO^ fixation is attractive in that PEP 
carboxylase has a low Km (0,4mM) and thus a high affinity for 
HCO When compared to ribulose 1,5-diphosphate carboxylase
(KmslO* M) and this may account for the high rates of photosynthesis 
observed in tropical grasses (36)# (22).
Following studies with a variety of plants exhibiting both 
HSK and Calvin pathways of photosynthesis Chen et al (37) have 
proposed that there is a transfer of carbon from the dicarboxylic 
acids, produced by the initial fixation of CO^ , to 3-PGA and that 
the transfer involves the decarboxylation and the refixation of the
20
CO^ by ribulose I^S-diphosphate carboxylase. Hatch and Slack (26) 
had previously reported very low levels of this enzyme in sugar 
cane and maize leaves but more recently it has been shown that 
species with the HSK pathway have similar levels of ribulose 1,5- 
diphosphate carboxylase activities to those of Calvin plants (22,38), 
Therefore there is a sufficient level of the enzyme in HSK plants to 
enable the refixation of 00^ , to occur#
The malate is thought to be decarboxylated by malic enzyme 
(malate i NADP oxidoreductase-decarboxylating £.0,1,1.1,40)•
Malate ♦ NADP — — ^ CO^ ♦ NADPH ♦ pyruvate
This is followed by the refixation of CO^ by ribulose 1,5- 
diphosphate carboxylase. The HSK pathway thus acts as a shuttle 
transferring CO^ to the site of operation of the Calvin cycle (22).
The HSK pathway is similar in many ways to that of crassulacean 
acid metabolism in succulent plants (6), These plants fix CO^ , in the 
dark, to form malate and the acid is stored in the cell vacuole* In 
the light the stomata are closed to prevent loss of 00^ and water 
and then malate is decarboxylated and the CO^ released i# metabolised 
via the normal Calvin cycle. One difference between crassulacean 
acid metabolism and the HSK pathway is that in the latter initial 
CO^ fixation is light dependent.
Hatch eit «U (22) have surveyed a variety of plants in various 
taxa in order to show the distribution of the HSK pathway and they 
have shown that it exists in both monocotyledoneae and dicotyledoneae, 
(Table I). There seems to be a correlation between this pathway and 
the tropical nature of the plants but there are excepti<ms to this 
rule, for exang>le, the bamboos fix CO^ directly into 3-PGA by the 
Calvin cycle.
21
TABLE X - Distribution of the HSK pathway in higher planta (22)
Family
Plant* with the 
characteristic* of the 
HSK pathway
Plants with the 
characteristics of the 
Calvin cycle
MCmœTYLEDONEAE
Gramineae Saccharum, Sorghum, 
Brianthus, Zea, 
Chloria, Bragroatis, 
Axonopus, Paspalum, 
Digitaria, Briachne, 
Arundiaella, Sporo* 
bolus, Aristida, 
Setaria, Panicum 
maximus, P,coloraturn, 
P.bulbosum, P* 
miliaceum*
Triticum, Avena, 
Leersia, Bambusa, 
Isachne, Arundo, 
Phragmites, Cortaderia, 
Hordeum, Oplismeaus, 
Ottochloa,
Panicum pygmeaum, 
P.lindheimeri, 
P*commutatum, 
P.pacifieum,
Cyperaceae Cyperus bownanii, 
C.polystachioa, 
C.rotundus, 
C.brevifolius,
Cyperus gracilis, 
C*albastriatus, Gahnia,
lepidosperma*
DICQTTLEDmEAE
Amar&ntlmceae Amaranthua,
Ooi^hrena*
Celosia, Achyranthes*
Chenopodiacceae Atrlplex aemi-
Daccata, A,holocarpa, 
A*veaicarla, 
A*lindleyi, 
A,apongiosa,
A.nummularia*
Atriplex hastata, 
A«oblongifolia, 
A.hortensis, 
Chenopodium, 
Spinaceae, Beta*
Fortulacaceae Portttlaca Nil
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HSK plants are very resistant to photosaturation i.e, 
the rate of photosynthesis is directly proportional to light 
intensity up to a level of 10,000 ft. candles whereas Calvin 
plants reach a steady state at the fairly low light intensity 
of 3,000 ft# candles (39). this means that HSK plants are more 
efficient at fixing CO^ than Calvin plants under conditions of 
high light intensity*
the absence of detectable photorespiration has been demon­
strated in sugar cane and other HSK plants (Table II) (40). The 
00^ compensation point in these plants is low «5ppm) %dien com­
pared to Calvin plants (>30ppm). The CO^ compensation point is 
defined as the CO^ concentration attained by a plant photosynthesising 
in a closed atmosphere. When equilibrium is attained the CO^ 
concentration in the system is measured* The difference between 
the two types of plant may be due to the different anatomies or it 
may reflect the efficiency of CO^ fixation by the HSK. pathway#
Black ej^  si (39) and Bull (41) have shown that plants with 
the HSK pathway have a water requirement which is half that of 
Calvin plants. This may be significant in that species with 
crassulacean acid metabolism and the HSK pathway may be related (6).
Another interesting feature of HSK plants is that to ^^C/12_ 
ratio in the photosynthetic products is higher than in Calvin plants* 
The ratio in the former is close to that of the atmosphere whereas 
in the latter the photosynthetic products are enriched in (42,43).
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TABLE II - Carbon dioxide compensation in relation to labelling data of genera tested by Hatch et al (35)
CO^ corap.
Common name % C in 2
Family Genus Species
or variety C-4 cpds. in 21%0
Monocotyledoneae
Graniineae Saccharura of ficinarum Sugarcane 76 L
Sorghum almum Columbus grass - L
Sorghum halepense Johnson grass 70 -
Sorghum hybrid Sorghum 70 —
Sorghum sudanense Hidan 35 - L
Zea mays Maize 88 L
Paspalura dilatum Paspalura 72 L
Paspalum distichum d Knotgrass - L
Axonopus argentinus Carpet grass 66 L
Digitaria - - 72 -
Digitaria sanguinalis Crabgrass - L
Chloris gayana ■ Rhodes grass 70 L
Eragrostis brownii - 100 -
Eragrostis mexicana Mexican lovegrass — L
Eragrostis pilosa India lovegrass - L
Ttriticum sativum Wheat ■■Q H
Avena sativa Oats 2 H
Bambusa — . Bamboo - H
Bambusa vulgaris Bamboo 0 -
Cyperaceae Cyperus - Sedge 79 -
Cyperus albomaeginatus Sedge - L
Cyperus eragrostis Sedge - L
Musaceae Musa • Banana 0 -
Musa velutina Banana - H
Cannaceae Ganna - Ganna 0 H
Palmae Phoenix canariensis - - H
Phoenix dactylifera Date palm 2 —
Liliaceae Lilium - Spider lily 0 H
Orchidaceae Cymbidium - Cym-doris 2 H
Dicotyledoneae
Corapositae Lactuca sativa Lettuce 4 H
Chenopodiaceae Beta vulgaris Beet 7 H
Legumiirosae Phaseolus vulgaris Bean 2 li
Leguminosae Glycine soja Soya bean 2 H
Geraniaceae Pelargonium - Geranium 0 H
Rosaceae Prunus persica Peach 0 H
Myrtaceae Eucalyptus - Gumtree 0 H
Solanaceae Nicotiana - Tobacco 0 H
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lï. Chleroplastbspeclalisation la HSK plants
A# Leaf anatomy and the morphology of chloroplasta
In addition to the biochemical differences between HSK and 
Calvin plants, there are also notable differences in the anatomical 
structure of the leaf and in chloroplast morphology* A diagrammatic 
representation of a transverse section through the leaf of a 
typical Calvin plant is shown in Fig,7 (44)* The leaf has distinct 
dorsal and ventral sides and there are two types of cells, palisade 
and spongy mesophyll, which both contain chloroplasta with similar 
ultrastructures* The organelle is bound by a double membrane and 
the internal structure consists of membranes which are termed 
thylakoids* The latter are double unit membranes which form closed 
vesicles and these occur singly (stroma laaLellae) or in stacks 
(grana) Fig* 8 (45)# The space in between thylakoids Is termed 
the stroma*
Fractionation of the chloroplasta coa^onents can be achieved 
by differential centrifugation (46) and such studies have shown 
that the membranes of the chloroplasta are responsible for the 
photochemical reactions and photosynthetic electron transport which 
lead to the formation of ATP and NADPH, On the other hand the 
soluble protein which occurs in the stroma is responsible for %he 
dark reactions in the chloroplasta, e.g. the fixation of CO^ into 
3-P6A by ribulose 1,5-diphosphate carboxylase and the subsequent 
reactions of the Calvin-Benson cycle leading to the formation of 
hexoses* Aminoacids, proteins, nucleic acids and lipids are also 
thought to be formed in the stroma of chloroplasta (47).
The typical anatomy of a HSK plant is shown in Pig* 9 (48),
In such cases there are distinct vascular bundles which run the
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F i g . 7. Transverse section through a leaf of a typical Calvin plant
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Fig. 8. Diagram of the composite thylakoid structure in a granum
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whole length of the leaf* A transverse section of the leaf shows 
that each vascular bundle is surrounded by a single layer of cells 
called the bundle sheath and these in turn are surrounded by 
mesophyll cells in a single or multi-layers* The mesophyll cells 
are not differentiated into spongy mesophyll and palisade layers 
as in the case of Calvin plants. The spaces in between the meso­
phyll and bundle sheath cells are filled with colourless bulliform 
cells* The most important feature of these plants is that the 
bundle sheath and mesophyll cells contain morphologically different 
chloroplasta* This distinction was described by taetsch» Stetler 
and Vlitos (49) in 1965 working with sugar cane and more recently 
taetsch and Price (50) have published an elegant electron micro­
scopic study of the development of these two types of chloroplasta 
in the same species*
The chloroplasta in the mesiH’hyll cells of HSK plants appear 
to have a structure similar to that of Calvin plants# they have 
both grana and stroma lamellae and store very little starch in the 
stroma when the plant is photosynthesising under normal physiological 
conditions. The chloroplasta of the bundle sheath cells, on the 
other hand, are different to those of Calvin plants in that they do 
not usually have any grama (some rudimentary grana have been seen 
in electron micrographs of Zea mays leaves) and the internal 
membranes are a series of thylakoids running parallel to each other 
and to the axis of the chloroplasta. In the dark these organelles 
do not store starch but when the plant has been photosynthesising 
for a few hours relatively large starch grains develop in the stroma 
between the lamellae, ihider continuous artificial illumination the 
chloroplasta tend to become filled with starch grains and in this , 
situation the mesophyll chloroplasta also eventually form starch 
grains* hhen the plant is placed in the dark then the starch grains
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slowly disappear which would suggest that sugar cane uses bundle 
sheath chloroplast3 to store photosynthetic products temporarily 
in the form of starch. When the plant is in the dark the starch 
is broken down and the breakdown products are translocated, 
presumably as sucrose, to the stem tissue where sucrose is stored 
on a more permanent basis.
Another feature of the chloroplasta of plants with the HSK 
pathway is a peripheral reticulum of unknown function <50,51) 
which appears to form part of the chloroplast. This has not been 
observed in chloroplasta of Calvin plants. There is also an 
electron-opaque layer in the primary cell wall around the bundle 
sheath cells in sugar cane which suggests the existence of a lipid 
membrane (51) and there are sections where the cell wall is crossed 
by plasmodesmata Which suggests that there is a cytoplasmic 
connection between the mesophyll and bundle sheath cells (50),
In a study of the development of chloroplasta in sugar cane 
taetsch and Price (50) have found that both types of chloroplast 
have a common origin and that the lack of grana in the bundle sheath 
chloroplasta is due to a reduction in the cong>lexity of the thylakoid 
membranes rather than in separate development fxom proplastid stage, 
Proplastids in the two cell types in the meristematic region of 
light grown leaves cannot be distinguished morphologically but when 
the leaf tissue has about 50% of its maximal chlorophyll content 
some differentiation can be observed. The mesophyll chloroplasta 
have well developed grana while the bundle sheath chloroplasta have 
grana made up of about 2-8 thylakoids. As the leaf matures the 
bundle sheath chloroplasta become devoid of grana. This evidence 
suggests a specialized function for the bundle sheath chloroplasta, 
taetsch (51) has surveyed a number of plants with the HSK pathway
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and has shown that the structural dimorphism of the chloroplssts 
is extreme in sugar cane. In other plants with the HSK pathway 
the bundle sheath chloroplasta have well developed grana. In 
some cases e.g» ^naranthis, Atriplem and Portulaca there Is little* 
if any* structural dimorphism although size dimorphism in the 
chloroplasta is frequently observed.
The distinctive anatomical feature# of HSK plants do not 
appear to be genetically linked to the HSK pathway because some 
plants of the genus Atriplex possess a Calvin pathway «diilst others 
have the HSK pathway. Hybridisation of A. rosea (HSK plant) with 
.^fistula (Calvin plant) produces an F| hybrid with intermediate 
characteristics with reflect to leaf structure and 00^ fixation 
pathway. crosses of produce a range of hybrids which have 
a range of properties with respect to 00^ co#g)ensation* 00^ fixation 
pathway and chloroplast structure (53-54).
Black and Mollenhauer (55) examined the structure and distri­
bution of chloroplasta and other organelles in leaves of plants 
with both Calvin and HSK pathways. They found that only the number 
and concentrations of chloroplasta* mitochondria and peroxiosomea 
in the bundle sheath cells were reliable anatomical criteria for 
determining the photosynthetic capacity of plants. The presence or 
absence of grana and the site and location of chloroplasta are not 
reliable criteria in determining whether the plant has a HSK or a 
Calvin pathway of CO^ fixation*
B, Isolation and separation of mesophyll and bundle 
sheath chloroplasta
There are two basic techniques for the Isolation of chloroplasta* 
These are the aqueous and the non-aqueous methods (56), In general 
the aqueous methods involve the grinding of leaf tissue
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in isotonic media and removing ceil debris by filtering through 
cheesecloth* The filtrate is then centrifuged at low speed to 
remove whole cells and cell wall fragments and then the super­
natant is centrifuged at 1,000g to sediment the chloroplast 
fraction.
One problem with this method is that a large proportion 
of the isolated chloroplasta have lost their outer membranes and 
hence a considerable proportion of the stroma. Leech (57) in 
1964 was able to isolate intact chloroplasta from Vicia faba 
using a density step technique* A leaf homogenate «ras prepared 
in the usual way and layered over a discontinuous sucrose gradient 
of 46% (w/v) and 50% (w/v). The tube was then centrifuged at 
IfOOOg for 20 min, which concentrated the intact chloroplasta at 
the interface of the leaf homogenate and 46% sucrose.
This method of producing intact chloroplasta was modified 
by Still and Price (58) for the separation of chloroplasta on a 
linear gradient in a zonal centrifuge. They used a modified 
A-IX rotor and centrifuged at 3*000 rpm. The separation is on 
the basis of the rate of sedimentation rather than the equilibrium 
density of the chloroplasta. Resolution into two gre«t zones 
(representing borken and intact chloroplasta) was detected after 
5min, and separation was complete after 20 min* This method has 
the advantage that large numbers of Intact chloroplast can be 
readily obtained. This technique has* so far* not been applied 
to the separation of mesophyll and buMle sheath chloroplasta.
It would seem logical that bundle sheath chloroplast* would have 
a different rate of sedimentation from that of the smaller 
mesophyll chloroplasta.
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Price end Kirvonen (59) have described an analytical 
zonal rotor which can be used to separate plastids from etiolated 
Phaeseolus vulgaris by rate zonal centrifugation on a linear 
sucrose gradient and they examined the feasibility of using 
sedimentation coefficients as parameters for organelle differ­
entiation, They predicted that as plastids become nature 
chloroplasta the sedimentation coefficient would increase. The 
density of the chloroplasta will, of course, depend on the 
starch content of the organelle* However, they point out one 
difficulty Which is inherent in the method i*e. that high osmotic 
concentrations of sucrose cause the plastids to shrink and sub­
sequent dilution of the sucrose with buffer ruptures the plastids* 
Albertsson and Baltsheffsky (60) have prepared intact 
chloroplast* by a method involving counter current distribution 
in an aqueous polymer, two phase system containing dextran and 
polyethylene glycol* However, this method has not been widely 
used for separating chloroplasta and has not been applied, at all, 
to separating dimorphic chloroplasta fr<Hs HSK plants*
Two basic techniques have, so far, been used for separating 
the two types of chloroplast occurring in HSK plants in order to 
study the complement of enzymes present in the different organelles. 
Much of the work of Slack, Hatch and Goodchild (22,61,62) has 
been on Zea mays chloroplasta separated by a modification of the 
non-aqueous technique of Stocking (63), The method involves 
grinding the lyophilized leaves in a hexane-carbon tetrachloride 
mixture (e » 1*25) and straining through glass wool to remove 
the cell debris* The homogenate is centrifuged and the pellet 
resuspended in a mixture of density 1*30 and then centrifuged*
The supernatant in each case is diluted with hexase and recentrifuged#
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In this way pellets are prepared with densities of <1*30, 1*30- 
1*33, 1.33-1*36, 1*36-1*40 and > 1.40, and the mesophyll 
chloroplasta < g <1*30) are separated from the starch filled 
bundle sheath chloroplasta ( Ç > 1«40)« However, If the leaf 
is destarched by placing the plant in the dark before cutting 
the leaf and lyophilizing and the tissue is fractionated In the 
same way both the mesophyll and bundle sheath chloroplast# are 
found in the fraction ilth density less than 1*30*
The second procedure which has been used for separating 
dimorphic chloroplasta Is the aqueous technique developed at the 
Tate and Lyle Research Centre by Baldry, Coombs and Gross (64). 
This technique involves grinding sugar cane leaf tissue at 0^ in 
0.33M sucrose solution containing 0.01M tetrasodium pyrophosphate 
and 0*1% MgClg adjusted to pH 6.5 with IK:i* The resulting brei 
is filtered through muslin to remove cell debris and the chloro­
plast s are harvested by centrifugation up to 4,000g and then 
decelerating as rapidly as possible* The resulting pellets are 
resuspended in isotonic Wffered medium, layered on top of 50% 
(w/w) sucrose and then centrifuged at 1,000g for lOmln* in a 
swing out rotor* The mesophyll chloroplasta, which do not contain 
starch, remain at the interface of the isotonic medium and the 
50% sucrose idiilst the bundle sheath chloroplast# sediment to the 
bottom of the tube because of their high density due to the 
presence of starch granules. The efficiency of separation is 
d^endent on the starch contât of the bundle sheath chloroplasta, 
which, in turn, depends on the length of time the plant has been 
exposed to light prior to homogenisation of the leaf tissue* One 
possible disadvantage of this method is that under some conditions 
both types of chloroplast store starch (50) so it is important to
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isolate the organelles after the sugar cane has been present / 
in the light for a few hours*
A procedure for separating bundle sheath and mesophyll 
cells from Digitaria sanguinalis and other HSK plants has been 
developed by Black and his co-workers (65-67). They have 
devised a method for the preparation of Individual cells which 
involves the preincubation of the leaf tissue with cellulose 
and pectinase followed by gentle homogenisation. The two types 
of cell are then separated on the basis of size by a filtration 
technique. Bundle sheath strands are collected on an 60p nylon 
screen and the mesophyll cells on a 20p screen# The two types 
of cell can be easily distinguished under the light microscope. 
The bundle sheath cells are large, rectangular and appear to be 
packed with chloroplasta, whereas the mesophyll cells are 
smaller, rounder and there is a tendency for the chloroplasta 
to be scattered within the cells (68). However, Black et al 
have not isolated the two types of chloroplast using this 
technique. -
Another method which has been used to investigate the 
distribution of enzymes in the bundle sheath and mesophyll 
cells is the progressive grinding technique (29,69,70). This 
is a procedure which involves homogenization of the tissue with 
increasing force and following the release of enzymes. The 
reasoning behind this technique is that with increasing force 
the epidermal cells, the mesophyll cells and the bundle sheath 
cells will be ruptured sequentially and therefore the rate at 
vAich enzymes are released will be an indication of the local­
ization of the enzymes in the tissue#
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C* Function of dimorphic chloroplasta
taetsch £t al (49-51) have suggested that the structural 
specialization of the dimorphic chloroplasta of HSK plants may 
be related to functional differences. Most of the research on 
this problem has been concentrated of CD^ fixation and photo- 
synthetic electron transport.
1) Carbon dioxide fixation
Most of the research on the role of the two types of 
chloroplast has been on the localization of the enzymes involved 
in CO^ fixation. Slack (61) has shown that the bundle sheath 
and mesophyll chloroplasta can be fractionated in non-aqueous 
media on the basis of density provided that the former chloro- 
plasts contain starch. When the leaves are destarched both 
types of chloroplasta are fractionated together. On the basis 
of these eiqperiments Slack, Hatch and Ooodchild (61,63) 
suggested that ribulose 1,5-diphosphate carboxylase and the 
other enzymes of the Calvin cycle are located in the bundle 
sheath chloroplasta whilst P£P carboxylase and the other enzymes 
of the HSK pathway are found In the mesophyll chloroplasta.
This theory is also supported by Bjorkman and Gauhl (38).
By a comparison of the distribution of enzyme activities 
in various fractions prepared from illuminated leaves and de­
starched leaves. Slack and his associates (61,62) were able to 
predict that seme enzymes are common to both types of chloroplasta 
and that others occur predominantly in one type only. The results 
are summarized in Table 111.
33
TABLE III Localization of enzymes in maize leaves (62)
ENZYME Mesophyll chloroplast8
Bundle sheath 
chloroplasta
Cytoplasm
Pyruvate; phosphate dikinase ♦ •k
Glycerate kinase ♦
NADP specific nutate 
dehydrogenase — •
PEP carboxylase —
Adenylate kinase ♦ ■f
Pyrophosphatase ♦ ♦
NADP-specific glyceraldehyde 
phosphate dehydrogenase ♦ ♦
phosphoglycerate kinase ♦ 4-
Ribulose diphosphate
carboxylase <*>
phosphor ibulokinase -
E’ibosephosphate isonerase ♦
fructose diphosphate aldolase m ♦
fructose diphosphatase m ♦
'Malic* enzyme ♦
NAD specific malate
dehydrogenase 4
Acid phosphatase 4 .
phosphoglycerate mutaae m ♦
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These results suggest that the mesophyll and bundle sheath 
chloroplasta have a cooperative function In the operation of the 
HSK pathway* The authors postulate possible routes for the 
transfer of carbon from the C^-dicarboxylic acids to carbohydrates 
(Fig* 10)* They suggest that malate Is transported from the 
mesophyll chloroplasta to the bundle sheath chloroplasta where 
it is decarboxylated by NADP-speclfic malic enzyme and the CO^ 
is fixed again via the Calvin cycle* The transport of malate 
between the chloroplasta may be facilitated by the presence of 
plasmodesmata between the two types of cell (48), Another possi­
bility suggested by Hatch, Slack and Ooodchild (62) is that 3-FGA 
is formed by a hypothetical transcarboxylation reaction in the 
mesophyll chloroplasta and that it stay be 3-PGA on which is 
transported to the bundle sheath cells. However, there is very 
little evidence to support this theory*
They also point out that the enzymes involved specifically 
in the Calvin cycle are associated with the bundle sheath 
chloroplasta although the plant does not initially fix 00^ via 
this pathway, A possible eaq>lanation for this apparent anomaly 
is that the bundle sheath chloroplasta are relatively inaccessible 
to CO^ because they are surrounded by the tightly packed mesophyll 
cells which probably fix CO^ by the HSK pathway*
More recent work by Edwards, tee, Chen and Black (65), who 
isolated and separated mesophyll and bundle sheath cells from 
Digitaria sanguinalis, appears to confirm that PEP carboxylase is 
localised in the mesophyll cells tdiereas ribulose-1,5-diphosphate 
carboxylase is found in the bundle sheath cells* 'Malic* enzyme 
is also associated with the latter cells (66)* Siadlar results 
were obtained with Cyperus rotundus* Cyperus polyatachios and
Mesophyll chloroplasts Bundle sheath chloroplasts
ADPL Malate (9)  > Pyruvate + CO
(1)
PP. + A M P ^ ■ P. + Pyruvate
Phosphoenolpyruvate
k.(4)
(5)
Oxaloacetate
-Acceptor.
‘Glycerate 
(6)
3-Plîosphoglycerate - 
(7)
1,3-Diphosplioglycerate 
(8)
/Ribulose diphosphate 
(1 1)
Ribulose 5-phosphate 
(1^
\Ribose 5-phosphate
(10)
3-Phosphoglycerate
(15)
<u Glyceraldehyde phosphate- -.Dihydroxyacetone phosphate.
Fructose diphosphat 
(13)
Fructose 6-phosphat
(7)
/ 1,3-Diphosplioglycerate
(8)
Glyceraldehyde phosphate
(15)
Dihydroxyacetone phosphate
Fig. 10. Proposed sequence of CO fixation by HSK plants (Hatch, Slack and Ooodchild). The scheme shows only the sequence of intermediates,
not complete reactions. Numbers refer to the enzyme that catalyses each particular reaction: (1) pyruvate,?^ dikinase; (2) adenylate
kinase; (3) pyrophosphatase; (4) phosphopyruvate carboxylase; (5) NADP-specific malate dehydrogenase; (6) glycerate kinase;
(7) phosphoglycerate kinase; (8) NADP-specific glyceraldehyde phosphate dehydrogenase; (9) NADP-specific 'malic' enzyme; (10) ribulose 
diphosphate carboxylase; (11) phosphoribulokinase; (12) ribose phosphate isomerase; (13) alkaline fructose diphosphatase;
(14) fructose diphosphate aldolase; (15) triose phosphate isomerase; (16) reactions similar to those operative in the Calvin cycle. 
Unidentified reactions are not numbered. Possible alternative routes of carbon flow are indicated with broken lines.
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Digitaria decubens (67)# These enzyme studies, together with 
V4
other studies on CO^ fixation with these cell types has led 
this group (65-68) to the conclusion that the major pathway 
for COg fixation in HSK plants is via the carboxylation of P£P 
in the mesophyll cells followed by a translocation of a add 
to the bundle sheath cells where decarboxylation occurs* There 
the COg is converted into hexose by the Calvin cycle* This 
evidence supports the theory of Slack, Hatch and Ooodchild (62) 
on the role of the two types of chloroplast in C0« fixation. ■ 
However, other workers have presented data which cast doubt on 
this theory (69-73).
Fig. 11 shows an alternative proposal (73) on the locali­
zation of the carboxylating enzymes In HSK plants. This is 
based on investigations on the distribution of carboxylating 
enzymes in sugar cane and maize (69,72,73). In these e:q>eriments 
the leaf tissue was progressively disrupted using a mechanical 
blendor and the release of activity correlated to the breakdown 
of specific tissues and to the release of protein and chlorophyll. 
The results indicate that P£P carboxylase is located mainly in 
the cytoplasm of mesophyll cells. 'Malic* enzyme appears to 
occur in both the mesophyll and bundle sheath cells although a 
high proportion of the total activity is found in the former 
cells* They also found adequate levels of malate dehydrogenase, 
pyrophosphatase and adenylate kinase to postulate that the initial
fixation of CO. into malate occurs in the mesophyll cell cytoplasm.
■ * ■ ■The release of the enzymes of the Calvin cycle, by the same
technique, follows a pattern which suggests that these enzymes
may be located in the mesophyll chloroplasts (69).
Theoretical considerations tend to favour this latter
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echeme (71)# It invoives a one way transport of cafbon froa the 
atmosphete to the vascular bundle; the flow of carbon being main* 
tained by the translocatory activity and starch synthesis in the 
bundle sheath chloroplasts* The chloroplasts with the large 
chlorophyll content and the usual structure are required to 
function in a normal manner idiilst the plastids with the rudiw, 
mentary grana are required to function as amyloplasts*
Zy Carbohydrate metabolism
Huber et (74) have examined the distriWtion of the 
ensymes of carbohydrate metabolism in the two types of chlorc^lasts 
of Zea mays (Table ÎV)* They were able to show that»in general, 
the carbohydrate metabolising ensymes are associated with the 
bundle sheath chloroplasts* They found that ADP-glucose pyro- 
phosphorylas^ ADP-glucose transglucosylase, UPP<*glucose trans- 
glucosylase and starch phosphorylase are mainly localised in the 
bundle sheath chloroplasts but lH)P*glucose pyrophosphorylase is 
active in both types of organelle* This observation therefore is 
an explanation of the presence of starch in the bundle sheath 
chloroplasts and its absence in the mesophyll organelles* H#%ce 
they suggest that the organelles in the bundle sheath act as a 
carbohydrate store Wien the plant is photosynthesising and that 
this store is depleted in the dark*
Bdwards and Black (6@) have examined some of the enzymes 
of carbohydrate metabolism la the isolated bundle sheath and 
mesophyll cells from Digitaria feanguinalis* They found starch 
phosphorylase and sucrose phosphate synthetase in both types of 
cell but the transglucosylases were confined to the bundle sheath 
cells*
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TABtl ÎV Btizyme activities in bundle sheath md mesophyll
ehloreplasts froat Zea mays leaves# M m m  activity 
expressed in mimoles/hr/Wg protein.
Enzyme Bundle sheath chlorc^last
Mesophyll
€hlor<^la$t
ADP**^glacose transglucosylase 150.6 U  1.5
ll{i^ *|»glttcose transglucosylase 27*8 1
Soluble
A!^«^glucose transglucosylase not determined 1^
BW-D*glucose pyrophosphorylase 159.0 22.6
ADP«*^gluc0se pyrophosphorylase 4.3 0.5
Sucrose synthetase <1 <1
Sucrose phosphate synthetase <1 <1
Starch phosphorylase 22.4 1.16
Protein/chlorophyll 3.97 3.31
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3) Bhotosynthetic electron transport
The structural dimorphism of the chloroplasts in HSK 
plants may reflect differences in the photochemical activities 
of the two types of organelles. Downton. Berry and Tregunna 
(75) have shown that extreme grana reduction in chloroplasts 
is associated with iryaired monocyclic electron flow. This 
results in a diminished NADP reduction capacity in bundle 
sheath chloroplasts which are devoid of grana^  ^ Downton (76) 
presents evidence for the existence of two types of HSK pathway.
One of these pathways involves the formation of malate on the 
primary photosynthetic product and in the other aspartate Is the 
main product (Pig. 12). Downton was able to show that there was 
a correlation between malate productif, the absence of grana 
in3 the bundle sheath chloroplasts and a high level of 'malic* 
enzyme; In other plants there was a relationship between aspartate 
production, the presence of grama in the bundle sheath chloroplasts 
and a low level of 'malic* enzyme.
'Malic' enzyme Malate dehydrogenase (decarboxylation)
Malate ♦ NAIW*--------- ♦ pyruvate ♦ KADPH^
He suggests that In the case of malate forming plants the 
source of HADPH^ in the bundle sheath chloroplasts is the break­
down of malate by 'Malic* enzyme whereas in aspartate forming 
plants the source of NADPH^ is photosynthetic electron transport 
occurring in the grana of the bundle sheath chloroplasts.
Moo ^  (77,78) confirmed that chloroplssts isolated 
from the bundle sheath and mesophyll cells of auiize and sorghum 
were unable to photo-reduce HADP*. The reduction of NADP* requires 
the cooperation of photosystems 1 and 2. (Pig. 3). NADP'^  was.
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PEP
OAA
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/ Calvin\
I cycle]
ATP
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NADPH
kr=^--
Hexose phosphate
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Fig, 13 Two types of HSK pathway
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howeverÿ reduced by these chloroplasts in the presence of 
dichlorophenol indophenol (DCPIP) and ascorbate and hence they 
must possess photosystem 1, They concluded that the agranal 
bundle sheath chloroplasts were deficient in the pigment 
assemblies of photosystem 2,
Bishop et sT (79,80) however, reported that the bundle 
sheath chloroplasts from Zea mays and Sorghum bicolour did 
exhibit some activity in the Bill reaction with DCPIP or 
ferricyanide and they postulated that both photosystema were 
present but that the chloroplasts lack the capacity to transfer 
electrons from photosystem 1 to photosystem 2« Preparations of 
bundle sheath chloroplasts fragments from the secondary leaves 
of six day old maize plants were capable of photoreducing BADP^ 
but this capacity was lost gradually as the leaves smtured. 
Photosystem 2 activity did not decrease however, indicating 
that the loss of ability to photoreduce KADP^ was due to lack 
of electron transfer between photosystem t and photosystem 2,
In contrast Bazzaz and Govindjee (81) have found that 
the two photosystems in Zea mays bundle sheath chloroplasts are 
linked but that there is a much lower level of photosystem 2 in 
these organelles when comq>ared to the mesophyll chloroplasts*
Mayne, Bdwards and Black (82) have also found a similar quantitative 
difference in the distribution of photosystem 1 and photosystem 2 
in bundle sheath and mesophyll cells*
Photophosphorylation by isolated bundle sheath and mesophyll 
chloroplasts from Zea mays has been examined (83)# Both types of 
chloroplasts gave high rates of cyclic phosphorylation (see Fig* 4) 
with phenazine methosuXphate (PMS) as a cofactor* However, in the 
bundle sheath chloroplasts the rates of non-cycllc phosphorylation
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(see Fig* 5) were only 11*19% of the rates obtained with mesophyll 
chloroplast, usiAg ferricyanide as an oxidant* Similmr results 
were obtained for Sorghum bicolour but in the case of Atriplex 
spoaglosa the rates of phosphorylation by the bundle sheath chloro* 
plasts in the presence of ferricyanide and PMS were both over 50% 
of the corresponding rate in the mesophyll chloroplasts. This 
result probably reflects the high photosystem Z activity idiich is 
associated with the granal bundle sheath chloroplasts in the latter 
plants (84),
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III. CarbohydfAte Metubolism In Plants
The end pfoduct ef the Beneott Calvin cycle (see Pig. 1) 
is fructose^ 4»pliospliste. This is easily converted tn glucose 
phosphate and then glucose 1-phosphate hy the action of the 
enzymes glucose 6-phosphate isomerase (I.C. 5,3.1.9) and phospho- 
glucomutase (B.C. 2.7*5.1) uhich are ubiquitous in nature (85). 
These heaose phosphates can then he used in the synthesis of 
starch and sucrose either directly or via the nucleoside diphos­
phate sugars#
A* Metabolism of nucleoside diphosphate sugars 
teloir and his groi# (86) were the first to isolate and 
identify nucleoside diphosphate sugars when they discovered UDP- 
B-glucose (Fig. 13) in plant tissues. Since then many other 
nucleoside diphosphate sugars with different bases and different 
sugar moieties have been found (87). These derivatives commonly
CHOH HN
h OHr O  CH.
Fig# 13. Structure of iUPP-p-glucose
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functioa aa glucosyl donora in the biosynthesis of oligo* and 
poly«saccharides« Thelf high donof potential may be telated 
to the high vaines for the free energy of hydrolysis of these 
componnds* For example, A  for UDP-D^gXucose is #.7#6$cal 
in comparison with 4,8 teal for glucose t«phosphate (87)* 
the role of different sugar nucleotides in the biosynthesis of 
various classes of carbohydrates seems to be quite well defined* 
For example in plants; ADF»D-glucose is involved in starch 
biosynthesis, tlPP«D»glucose in sucrose metabolism and GDP*D- 
glttcose in cellulose biosynthesis (87,88)*
bDP«D«glttcose and ADP~p»glucose have been identified as 
photosynthetic products in experimeats with Chlorella pyrenoidosce 
using tracer techniques* They are found after 00 sec* of 
photosynthesis with after the appearance of 3-PGA, hexose
phosphates and hexose diphosphates (13)# UDF-D-glucoae has also 
been identified amongst the photosynthetic products of isolated 
spinach chloroplasts (111)*
The nucleoside diphosphate sugars are produced by a group 
of enzymes known as nucleotidyl transferases which catalyse the 
basic reaction;#
Nucleoside triphosphate ♦ aldose 1*phosphate
Nucleoside diphosphate aldose * inorganic
pyrophosphate
1* jbPF-D-glucose pyrophosphorylasc
Perhaps the most well known of the nucleotidyl transferases 
is UBP»g#glucose pyrophosphorylase (fi*C# 3* 7* 7* 9) which was first 
reported, in yeast, by Munch*Petersen #  (89)* It catalyses
the reaction:#
UTP ♦ e#P*>glucose 1#Phosphate ^  UDP#p*glucose ♦ PP^
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later the enzyme was shown to occur in sugar beet homogenates 
(90) and since then the enzyme has been located in many other 
plant tissues (91)* The enzyme was first purified from seedlings 
of Phaeseolus aureus (92)* It was found to have a pK optimum at 
pH 8 and a for UDP-g-glucose of 1*1 % 10**^ M# The enzyme
appears to be specific to a-g^glucose 1#phosphate and DTP*
Bird et al (93) have shown that HDP~g*glucose pyrophos# 
phorylase is exclusively a chloroplast enzyme using non-aqpeous 
chloroplasts isolated from Nicotians tabacum. Huber ^  lU (74) 
have shown that the enzyme 1$ present in both the bundle sheath 
and mesophyll chloroplasts of maize but that there is a greater 
specific activity in the former organelles*
2# ADP-D"giucose pyrophosphorylase
This enzyme (B«C* 2*7«7«b) has been found in wheat extracts 
and also in the leaves of several species (94). It catalyses the 
reaction*#
ATP ♦ «-^glucose 1#phoaphate ^ ==^ADP-D#glucose ♦ PP^
The enzyme also shows an absolute specificity for Its substrates.
Ghosh and Preiss (95#97) have shown that the enzyme is involved in 
the regulation of starch synthesis in iplnach leaf chloroplasts.
They purified the enzyme and studied the effect of photosynthetic 
intermediates on the enzyme activity* 3#PGA, Fructose 6#phosphate, 
fructose 1,0*diphosphate, phosphoenol pyruvate, 2,3 diphosphoglycerate, 
ribose ^-phosphate and acetyl#CoA at concentrations of 1*3mM, all 
activate the ADP#P"glucose pyrophosphorylase considerably; 3#PGA 
is by far the most effective activator. The enzyme is inhibited 
by inorganic phosphate and ACP* The phosphate inhibition can be
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reversed by the addition of 3#PGA but inhibition by ACP can only 
be partially overcome in this way*
Kinetic studies on the enzyme suggests that it is allosteric 
and that 3#FGA, PBP, and fructose t,6#diphosphate share a common 
binding site remote from the active site of the enzyme* It, 
therefore, appears that starch synthesis can be controlled by 
the levels of the metabolites AbP, 3#PGA, inorganic phosphate 
and possibly other photosynthetic intermediates* In the light 
the levels of inorganic phosphate and APP in the chloroplasts 
are decreased because of photophosphorylation (98,99)* There 
is a concommitant increase in the concentration of 3-PGA and 
other photosynthetic intermediates (98#99a). The effect of these 
changes would be to increase the rate of ADP#^glucose syntheiis 
and thus the flow of carbon Into starch* In the dark, in relatively 
high levels of ADP and inorganic phosphate , the enzyme would be 
less active and thus less starch would be formed from glucose 1# 
phosphate* It is possible that more sucrose is formed under these 
conditions because BPP#&-glucose pyrophosphorylase is not affected 
by the level of photosynlhetic intermediates*
At^#g»glucose pyrophosphorylases isolated from different 
plant sources by Sanwal et ^  (94) all show these allosteric 
properties towards photosynthetic intermediates and they suggest 
a general role for the enzyme in the control of starch biosynthesis 
in the chloroplasts* It Is interesting to note that, despite the 
fact that the first products of photosynthesis in sorghum and 
iâaize are the C^#dicarboxylie acids, it la 3-PGA which activates 
ADP#glucose pyrophosphorylase from these plants and not maXate, 
aspartate or oxaloacetate (94)* The enzyme has been shoim to be 
ptesent in the bundle sheath chloroplasts of maize and, to a lesser 
extent, in the mesophyll chloroplasts but the activity is saich less
than that of pyrophosphoryiase in both types of
organelle (74)#
3# Inorganic pyrophosphatase
This enzyme (pyrophosphate phosphohydrolase B*C# 3#$.1#1) 
has been shown to he widely distributed in animal, plant and 
bacterial tissues# It catalyses the reaction;#
pyrophosphate ♦ H^O >Z orthopW#hate
The reaction Is reversible hut the forward reaction is 
strongly favcmred (100)# Bloch#Frankenthal baa found that 
ions are required for the hydrolysis of pyrophosphate (101).
The ratio of %  to pyrophosphate iW'tlte incuhaticei mixture 
had a profoimd effect on enzyme activity and it was suggested 
that the substrate for the enzyiM is probably the coeplex ion
Inorganic pyrophosphate is produced in many enzymic reactions 
and although most of these reactions are exergonic the free energy 
change is not great and the reaction is not, therefore, thermo# 
dynamically efficient* However by coupling the reaction to 
inorganic pyrophosphatase and, therefore, removing one of the 
products as it is formed the overall equilibrium can be shifted 
in favour of synthesis*
cue such case is t)ie primary fixation of CÙ^ by HSK plants 
(see Fig* ô)« PBP carboxylase la the enzyme which is responsible 
for the initial fixation of 0)^ In these plants* However, an 
adequate atq>ply of substrate (P£F) is required and this is provided 
by the m xym pyruvate, phosphate dikinase (103). This reaction is 
probably freely reversible at physiological pH but the equilibrium
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may be shifted in favour of PHP synthesis by a rapid breakdown 
of the pyrophosphate (103).
By analogy a similar situation may arise in the case of 
the pyrophosphorylase catalysed reactions, these reactions are 
usually freely reversible but if pyrophosphatase is present to 
remove the pyrophosphate as it is formed then the reaction will 
favour the biosynthesis of the nucleoside diphosphate sugar derivatives 
from glucose 1#phosphate*
£l#Badry and Basham (104) have shown the presence of an
2*.
alkaline. Mg dependent pyrophosphatase in spinach chloroplasts.
They found that the pH optimum of the enzyme was dependent on the 
Mg ion concentration. A similar pH dependence has been shown 
for fructose 1,0#diphosphatase (105) and ribulose diphosphate car# 
boxylase (106) which are also chloroplast enzymes. This Is inter# 
eating because many of the enzymes involved in carbohydrate 
metabolism, notably the pyrophosphorylase, require Mg^ ions for 
activity#
Inorganic pyrophosphatase has also been shown to occur in 
a maize leaf chloroplast preparation. This is a specific form of 
pyrophosphatase which Is subject to Control by phytochrome during 
the growth of maize from seed (107).
Bucke (108) has partially purified the enzyme from sugar 
cane leaves and he has also shown that the enzyme occurs in a wide 
range of plant species and is not confined to plants with the BSK 
pathway of CO^ fixation. He has examined the intracellular distri# 
bution of the enzyme in spinach leaves and has found that some of 
the enzyme is localized in the chloroplasts but that much of it is 
cytoplasmic. He did not examine the intracellular distribution In 
sugar cane leaves.
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the sugar cane leaf enayme requires a Mg ratio of
4 for maximal activity* the pH optimum was 5*5 in the absence of 
and pH 8*3 in the presence of the light induced pumping
of in chloroplasts has been reported by Billey and Vernon (109). 
They suggest that the level of Mg^* and K* in the stroma increases 
in the light due to an efflux of ions from the thylakolds to 
compensate for the influx of H* from the stroma into the thylafcoids. 
Bucks (10$) suggests that these light inducW changes in may 
account for the lack of dark fixation of CO^ by sugar cane leaves.
The mechanism of this is that pyrophosphatase is inactivated by 
the uptake of Mg^* by the thylakoids in the dark. This results in 
high levels of pyrophosphate which Inactivate the pyruvate, phosphate 
dikinase and so prevent the regeneration of required for CO^ 
fixation.
Slack et ^  (62) have fractionated »es<^hyil and bundle 
sheath chloroplasts from Zea mays by a non#aqueous technique and 
have looked at the distribution in the two types of chloroplast*
Their results suggest that it occurs in both types of chlorqplast 
but that it is predominantly located in the mes<^hyli chloroplast* 
%iis is regarded as part of the evidence for the localisation in the 
mes<^hyll chloroplasts of the enzymes required for the fixation of 
CO^ by the HSK pathway.
B. Sucrose metabolism
Sucrose (Fig. 14) la a non#reducing disaccharide which is 
ubiquitous in photosynthetic plants. It consists of glucopyranose 
and fructofuranose units joined by a #1— *>2 linkage (110)*
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It i$ well known that there ie a rapid aynthesis of sucrose
in photosynthesising leaves but it has proved difficult to show
that isolated chloroplasts were capable of sucrose synthesis from
CO. during photosynthesis* Gibbs et al (111,112) showed that
isolated spinach chloroplasts were capable of synthesising labelled 
14sucrose from 0 0  ^but this capability appears to be seasonal and 
may be subject to a finely balanced control mechanism (113)# In 
1968 chloroplasts were isolated which were capable of carrying out 
photosynthetic gas exchange similar to that of intact plants «hich 
produced photosynthetic products, including sucrose, at rates 
s^imilar to those in intact plants* These isolated chloroplasts 
were obtained from the giant algal cell Acctabularia medlterranea 
by a Biethod which preserves the integrity of the chloroplasts (114)* 
It is also generally accepted that the sucrose formed in the 
chloroplasts is a major translocatory product transported frws the 
leaves to all the other regions of the plant W&ere It may be utilised
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of stored* It is believed that the sucrose is translocated 
along the sieve tubes of the phloem (115)*
the following alternatives for the biosynthesis of sucrose 
have been suggested (116,117)#-
U13P-|^ glocose ♦ fructose 6-phosphate1 • a#
«.ero.« pho^»h.te .yiithet..» « 6 ._pho.ph.t« ♦ UOT
fT.b.j sucrose 6 *-phosphate sucrose phosphatase ^  ^ p
^sucrose jsynthetase
2*1 inDP-0-glUCOSe 4* frur tnmm^ -  R iarm a* ^ UDF
The first pathway, however, is now thought to be responsible 
for the biosynthesis of sucrose in plants; this belief is largely 
based on equilibrium data. The equilibrium constant for the 
sucrose phosphate synthetase reaction (l.a*| in the direction of 
sucrose phosphate synthesis is said to be 3,250 (at pH 7.5 and 38*) 
(118). the second step in the pathway |l*b.[ , sdiich is the break­
down of sucrose phosphate by sucrose phosphatase, is virtually 
irreversible under physiological conditions, this means that the 
whole pathway can only aerate in the direction of sucrose synthesis.
The equilibrium constant in the direction of sucrose synthesis 
by sucrose synthetase is reported to be between 1 and 8  (pH 7.4)
and so the reaction catalysed by this ensyme is freely reversible*
It has been suggested that this ensyme is responsible for nucleoside 
diphosphate glucose formation rather than sucrose synthesis (116, 
119,120).
1*a Sucrose phosphate synthetase
this enzyme (HDP-P g^lucose i D-fructose 6-phosphate 2 glucosyl- 
transferase) (£.C* 2.4.1#1&) was first discovered in idieatgerm by
S3
Leleir and Cardini (11?)* The first report of the presence of 
an ensyme in sugar cane %Alch incorporated IIDP-g-^^Ogiucese into 
sucrose was by Prydman and Hassid in 1963 (121). However, they 
were unable to distinguish between the activity of sucrose synthe­
tase and sucrose phosphate synthetase because of the presence of 
phosphatases which break down sucrose pho^hate and fructose 6- 
phosphate* la 1965 Haq and Hassid (123) reported the biosynthesis 
of sucrose phosphate fro# HDP-D-glucose and fructose 6-phosphate 
by sugar cane chloroplasts* Their method of isolation suggests 
that they were using mesophyll chloroplasts; the bundle sheath 
Chloroplasts, which contain starch, were probably removed by an 
initial centri|ugati<m at 50g* for 3 min# It was shown that an 
acetone extraction of the chloroplasts removed the phosphatases 
and thus they were able to demonstrate the production of sucrose 
phosphate* They reported that the level of sucrose synthetase in 
the preparation was much higher than sucrose phosphate synthetase* 
Further studies m  the properties of sucrose plK>sphate 
synthetase from sugar cane leaves were carried out by Hawker (123)# 
By using hPTA In the reaction mixture to inhibit phosphatases he 
was able to determine the ensyme activity* He found that the ratio 
of sucrose phosphate synthetase t sucrose synthetase is 0 * 6  in the 
case of sugar cane leaves but was 1 0 * 0 in the case of pea leaves*
In both cases the enxymes were protected with 2 0mM cysteine#
There is also some evidence of a connection between the raté of 
photosynthesis of a sugar cane leaf and the level of sucrose 
phosphate synthetase which suggests that the ensyme may be involved 
in the regulatory mechanims which controls photosynthesis#
This latter suggestion received support in 1969 when it was 
found that «dieat germ sucrose phosphate synthetase showed allosteric
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properties; the activity of the enzyme is regulated by the concen­
tration of the substrates, UDF-D-glucose and fructose 6-phosphate, 
and also by the Mg^* Ion concentration. It was suggested that the 
enzyme may be a controlling factor in the biosynthesis of sucrose 
in the same way as ADP-p-glucose pyrophosphorylase performs a 
regulatory function in the biosynthesis of starch (124).
Sucrose phosphate synthetase from Vicia faba cotyledons 
has been purified by de Pekete (125). this enzyme preparation 
contains an activator which is removed by freezing and thawing*
In the absence of this activator the enzyme has very little activity 
but is activated by citrate, some dicarboxylic acids and protamine. 
The saturation curves for these effectors are sigmoidal. In the 
presence of activator citrate is inhibitory at lew concentration 
but reactivates the enzyme at high concentrations* nucleotides and 
inorganic phosphate activate the enzysw which is devoid of activator 
but inhibit the activator bound enzyme. The physiological signifi­
cance of the naturally occurring activator is not known but it is 
clear that the enzyme is subject to complex metabolic regulation.
Sucrose phosphate synthetase appears to be localized in 
chloroplasts. Bird et al (93) have used the non aqueous technique 
for the isolation of chloroplasts from Vicia faba and Picotins 
tabacum. and have investigated the biosynthesis of sucrose by 
chloroplast enzymes. They found that sucrose phosphate synthetase 
and sucrose synthetase were present in the chloroplasts but the 
former was more active. Delswr and Albersheim (126) demonstrated 
the presence of the enzyme in Phseseolus aureus chloroplasts.
These organelles possess a very low level of sucrose phosphate 
synthetase but idien they are washed with 1 0% dimethylsulphoxide 
there is an apparent increase in the level of synthetase probably
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caused by an alteration in the permeability of the chloroplasts 
membrane to UDP-p-glucose. Huber et ^  (74) were uhaWeto detect 
the presence of sucrose phosphate synthetase in either mesophyll 
or bundle sheath chloroplasts of Tea mays* However, de fekete (127) 
has recently been able to demcuistrate the presence of the ensyme 
in both types of organelles*
1#b Sucrose phosphatase
This enzyme (sucrose 6-phoiq>hate phosphohydrolase) is 
present in sugar cane (122). Hawker has found sufficient sucrose 
phosphatase present in sugar cane leaves to allow sucrose phosphate 
to be an intermediate in the biosynthesis of sucrose (128). In 
further work (129,130) on partially purified enzyme from stem and 
leaf tissues he found that the enzyme requires Mg but is inhibited 
by Ca^ ^, Mn^ *, inorganic phosphate, pyrophosphate and sucrose. The 
inhibition of the enzyme by sucrose is partially competitive (Ki » 
lOmM) and this may be a controlling factor in the rate of sucrose 
synthesis in cane leaves. Hawker also found that the enzyme is 
also inhibited by the disaccharide maltose but not by glucose and 
fructose.
Studies with non-aqueous chloroplasts have revealed that 
sucrose phosphatase Is a chloroplast bound enzyme (93).
2. Sucrose synthetase
This enzyme (UPF-D-glucose t ^fructose 2 glucosyl transferase) 
is present in sugar cane leaves (121,123) but there has been little 
work on the properties of the enzyme from this source. A purified 
enzyme from Vicia faba seeds has been shown to catalyse the 
synthesis of Ul^-^glucose from sucrose and UDP (131)# Grimes et al^  
(132) working on a purified enzyme from Phaeseolus aureus seedlings 
showed that the enzyme could utilize several nucleoside dipho^hate
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sugars for sucrose synthesis; the relative activities are UDF- 
D-glucose, 100%; AOP-g-glucose, 27.7%; TDP-g-glucose, 10.2%; 
COP-g-glucose, 3.1%; and GlXP-g-glttcose, 2.6%. The for OOP- 
D-glucose was 1 0 times lower than the value for any of the other 
nucleoside diphosphate sugars. These workers suggest that, 
because of its physical properties, the ensyme may be bound to 
the cell membrane. The enzyme activity se^ms to be associated 
with a lipoprotein (molecular weight # 1 % 1 0*) and all attesg>ts 
to dissociate the enzyme into conpcmaats capable of the specific 
synthesis of sucrose from the individual nucleoside diphosphate 
sugars have failed. They concluded that ODP-p-glucose is able 
to control the biosynthesis of all other nucleoside diphosphate 
sugars by a modification of the sucrose synthetase because 
D-glucose competitively inhibits the synthesis of APP-p-glucose 
fr<m AhP and sucrose*
Pelmer (133) has purified sucrose synthetase from the same 
source to homogeneity. She has found that the enzyme has a large 
molecular wt. (315,000) and appears to consist of four identical 
sub-units. The equilibrium constant in the direction of WDP-D- 
giucose synthesis is 0.15 (at pH 7.5 and 25^ ) vdiich agrees with 
the previous data for sucrose synthesis (116,119,120). The m
for sucrose is l7mM vdien GDP is present at saturating levels and 
the for GDP is 0.19mH at saturating sucrose concentration.
Delmer suggests that since the levels of the enzyme in Phaeseolus 
aureus are high only in non-photosynthetic tissues then its prime 
physiological role is to break do«n the sucrose which is trans­
located to these tissues (133)» She has also studied the regulatory 
properties of the purified enzyme and found that KADP^ , iodoacetate, 
gibberellic acid and pyrophosphate activate sucrose degradation but
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inhibit sucrose synthesis» Conversely fructose t-phosphste sad 
inhibit sucrose degradation but acthnte sucrose synthesis* 
tJTP inhibits both the synthetic and degradation reactions.
Several other intermediates of the Calvin-Benson cycle appear 
to have no effect on the ensyme activity at the same concentra­
tions. the exact physiological significance of these observations 
is not clear because most of the effects were observed in the 
presence of millimolar concentrations of effectors (134).
Murata (135) has also shown marked differences between 
sucrose synthesis and sucrose degradation by the enzyme purified 
from sweet potato. In the direction of sucrose synthesis the 
substrate saturation curves are hyperbolic in shape and the 
reacticm is competitively inhibited by GDP. In the reverse 
reaction the substrate saturation curves are sigmoidal and typical
II
of an allosteric enzyme. At low concentrations of sucrose ( < 10m ) 
the enzyme activity is low and the reaction rate is accelerated 
at about 10-15nM in the presence of GI#'. this data suggests that 
the major role for sucrose synthetase is in fact sucrose degradation.
There is some controversy about the localizati<m of sucrose 
synthetase in the cell, Delmer and Albersheim (136) were unable 
to detect sucrose synthetase in Phaeseolus sureus chloroplasts. 
this may have been due to the fact that they did not include a 
thiol reagent in the zmdium when they isolated the organelles.
The importance of thiols is illustrated by the studies of Pre&sey 
(137) working on potato sucrose synthetase. He used cysteine to 
protect the enzyme during extraction and showed that mercaptoethanol 
activated sucrose cleavage but not sucrose He found
that the enzyme exhibited different pH optima for sucrose synthesis 
and sucrose cleavage and also differing responses to mercaptoethanol
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24>and Mn • However he was unable to resolve the two types of 
activity and suggested that the same ensyme is responsible for 
both synthesis and degradation of sucrose, Huber et id (74) 
were also unable to demonstrate the presence of sucrose synthetase 
in Zea mays chloroplasts but this may have been due to the absence 
of thiols from the isolation sædiua. On the other hand there 
are reports of the presence of the enzyme in sugar cane chloro­
plasts (121,122) and in non aqueous chloroplasts from Vicia faba 
and Picotins tabacum (93),
3 , Invertase
This enzysie (p-fructofur&noside fructohydrolase) (£,C* 
3,2,1,26) hydrolyses sucrose to glucose and fructose* Bird,
Porter and Stocking found that the ensyme tx>uld not be detected 
in chlorc^lasts although the ensyme is present in leaf tissues 
(93), This supports the suggestion that it is sucrose synthetase 
which is the enzyme mainly responsible for the breakdown of sucrose 
in chloroplasts (119),
There are two types of invertase associated with storage 
tissue in sugar cane; an acid form (pH i^timua 5,5) associated 
with immature storage tissue and a neutral form (pH optimum 7,0) 
associated with mature storage tissue (133,139),
C, Starch Metabolism
The nature of chloroplast starch has not been widely 
investigated* In contrast to reserve starch, chloroplast starch 
exists in a transitory form which is readily utilised as an energy 
source by the chloroplasts. There is a diurnal pattern of starch 
synthesis and breakdown in leaves in normal light regimes (140); 
when a plant is photosynthesising starch is laid down in the stroma
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of the chloroplast and in the dark the polyaacc&aride ia rapidly 
broken down, Under normal conditions very little starch is pro­
duced by the chloroplast of Calvin plants in contrast to HSK 
plants where the bundle sheath chloroplasts are packed with starch 
during photosynthesis (51), taetsch (51) has demonstrated a diurnal 
variation in the starch content of the bundle sheath chloroplasts 
from sugar cane and he suggests that these organelles are basically 
amyloplasts (48), Starch does not accumulate in the mesophyll 
chloroplasts of cane under normal conditions (51),
The molecular structure of the transitory starch from chloro­
plasts has not been examined bfit the structure of starch produced 
by amyloplasts in non-photosynthetic tissue has been widely investi­
gated* It appears to consist of mixtures of amylose and amylopectin 
(Fig. 15) (141), These are two heterogeneous fractions which are 
easily separated and distinguished by physical, chemical and 
enzymatic techniques (142), The proportion of amylose to amylo­
pectin varies considerably according to the source of the starch,
Amylose is a single chain polymer (D,P, 200-1000) made up of 
glucosyl units linked by @1 4 glucosidic linkages. On the other
hand, amylopectin is a highly branded polymer composed of glucosyl 
units mainly linked by el 4 linkages but with «1 - ^ 6  linkages 
at the branch points* The side chains consist of about 20-25 
glucosyl units. The two forms of starch can be separated on the 
basis of their solubility in water and they can be distinguished by 
the absorbtion spectra of their iodine coog»lexes« The maximal 
absorbtion for the amylopectin-iodine complex is ^proximately 
560nM idiereas for amylose this value is about 640nM (143),
The biosynthesis of storage polysaccharides has been the 
subject of some controversy. It was assumed for a long time that
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starch in plants was formed by the action of starch phosphorylase. 
However it was pointed out (144) that in some plant tissues at 
least the ratio of inorganic phosphate to glucose 1-phosphate is 
too high for the synthesis of starch from glucose 1-phosphate to 
occur and that phosphorylase may he involved primarily in starch 
breakdown* However in 1957 Leloir and Cardial (145) discovered 
an enzyme in liver Wilch transferred glucose from UPP-D-glucose 
to glycogen* This led to the discovery of the nucleoside 
diphosphate glucose i starch glucosyl transferases in plants (146, 
147)*
1* Starch Synthetase
teloir and his group demonstrated the presence of an enzyme 
in Phaeseolus vulgaris (146, 147) which would effect chain elongation 
of starch and certain oligosaccharides. The enzyme is UDP-g-glucose- 
starch transglucosylase (HDP-D-glucose t @1 »4 glucan o-4 glucosyl 
transferase) (£*C« 2.4.1*21). It catalyses the following reaction**
HDP-D-glwcose ♦ (&1->4 glucosyl)^ > («1-^ 4 glucosyl)^ ^^  ♦ HDP
The reaction is virtually irreversible and the glucosyl unit is 
added to the non-reducing end of the molecule* The acceptor can 
be either starch or an oligosaccharide of the maltose series; 
maltose is the only disaccharide %6 ich will act as an acceptor*
following the chemical synthesis of ABP-D-glucose by^ R^econdo 
and teloir (148) it was found that this nucleoside diphosphate 
sugar is more effectively utilized for starch formation than UDP-p- 
glucose* The enzyme involved is ADP-D-glucose-starch transglucosylase 
(ADP-^glucose * el-^4 glucan «4 glucosyl transferase) (B*C« 2.4,1*b) 
which catalyses the reaction**
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ADP-Ç-glucose ♦ glucosyl)^----- > (at->4 glucosyD^^^ ♦ ASP
Reeondo «ad teXoir (148) also showed that transgiucosyXation from 
HDP-D-glucose to starch is strongly inhibited by ADP-g-glucose 
and other adenine containing nucleotides (AMP, ADP, ATP)* It is 
generally agreed that the granule bound starch synthetases of 
cereal grains can utilise both ADP-p-glucose and UDP-p-glucose 
but that the former is utilised at ten times the rate of the latter 
(148*150)* However, the level of ADP*D*glucose in the starch grain 
is lower than that of HDP*^glucose, therefore it is thought that, 
in vivo, both may contribute to a similar extent to starch biosynthesis*
In 1$64 Murata and Aka^awa (151) found that ADP-^giucose is 
the substrate for the biosynthesis of 'assimilation starch* formed 
by the chloroplast* They examined starch granules prepared from 
Phaeseolus aureus and found a rapid incorporation of ^^ C-glucose 
from ADP-g-^^C-glucose into starch but very little from UDP*§-^^C* 
glucose*
A similar enzyme has been found in spinach chloroplasts (152) 
and Ghosh and Preiss (153) have succeeded in partially purifying a 
soluble enzyme system from this source %Aich is capable of trans­
ferring glucose from AbP*^glucose to a primer to form @1-»4*^ 
glucosyl linkages* This enzyme has a pH optimum of 8*5 and is 
inhibited by p-mercuribenzoate. Glutathione, potassium chloride and 
BSTA are required for maximal activity*# The specificity of the 
enzyme was also studied (153) and it was noted that only ADP-D* 
glucose and to a lesser extent deoxy ADP-D-glucose will serve as 
substrates* UDP-^glucose, GDP-p#glucose, TDP^D-glucose and CDP- 
pLgiucose are inactive as glucosyl donors* A number of e1->4 glucans 
will act as primers for this enzyme including amylose, amylopectin.
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Starch granules, hepatic glycogen, bacterial glycogen, maltotriose 
and maltose*
Ozbun et (54) have recently discovered that spinach 
leaves contain multiple forms of a1 — 4 glucan synthetase which 
can be fractionated on DBAS cellulose columns. Two fractions 
give equal activity with amylose, amylopectin and glycogen as 
primers. A third fraction shows a much smaller incorporation 
of radioactive glucose from ADP-^^^G-glucose into glycogen in 
comparison with amylopectin and amylose. This latter fraction 
is also able to synthesise a glucan in the absence of primer and 
the activity is stimulated 1 0 0 0 fold by high salt concentration 
and by bovine plasma albumin* The glucan formed possesses mainly 
al-^4 linkages together with some at~ ^ 6 linkages as determined by 
the action of a-amylase, ^-amylase and pullUXsanase. This ^  novo 
formation of starch overcomes the problem of how starch synthesis 
is initiated.
A similar ensyme has also been purified from potato tubers 
(Solanum tuberosum) (155) which is capable of glucan synthesis in 
the absence of primer at about half the rate.found with amylopectin 
as primer. All attempts to remove any primer which may be bound to 
the ensyme were unsuccessful. The absorbtion spectrum of the 
iodine-product co^lex is typical of amylopectin starches with an 
absorbtion maximum between 500 and 540nM* Treatment of the product 
with o-amylase, p-amylase and gxucoamylase suggests that it is an 
* 1 >4 glucan with some n1 - > 6 linkages.
In order tc show that ADP-D»glucose is in fact responsible 
for the production of chloroplast starch Nomura et ad (156) have 
demonstrated a coupled enzyme system in bean and rice chloroplasts, 
consisting of pyrophosophorylase and transglucosylase, which
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14incorporates label from C-glucose 1-phosphate into starch*
The reaction is ATP dependent and is stimulated by photo­
synthetic intermediates such as 3-PGA, PBP or fructose 1,6-di- 
phosphatase*
Tanaka and Akazawa (149) reported that the soluble ADP- 
p-glucose transglucosylase from spinach chloroplasts is specific 
for ADP-D-glucose sAereas the enzyme bound to starch granules in 
spinach seeds can incorporate glucose from both UbP-D-glucose 
and APP-p"glucose although the former transfer proceeds at a 
slower rate. APP-D-glocose can effectively protect the soluble 
chloroplast enzyme from inhibition by iodoacetate* ADP is slightly 
effective but tJPP is totally ineffective* These results are 
consistent with the absolute requirement of APP-D-glucose by the 
chloroplast enzyme*
Vishwanathan (157) observed that a particulate fraction 
from the leaves of Zea mays failed to utilize UDP-g-glucose for 
starch biosynthesis whilst similar fractions from other plants 
utilized both ADP-D-glucose and bD?-D-glucose with similar efficiency# 
This is not in agreement with Huber et jfd (74) who found that in 
the bundle sheath chloroplasts of Zea mays the UPP-D-glucose trens- 
glttcosylase activity is only 18*5% that of thé AW-p-glucose trans­
glucosylase activity*
Cue ezplanaticm for this apparent anomaly can be found in 
the work of Salema and Badenhuizen (158) idio found that chloroplasts 
of Beta vulgaris lose APP-^glucose transglucosylase and starch 
phosphorylase activities when the leaves are kept in the dark*
The enzyme activities are restored in the light* They concluded 
that the chloroplasts contain their own mechanism for nucleic acid 
controlled protein synthesis as the process can be reversibly
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inhibited by actinoayein D (which prevent# ANA synthesis) or 
cbloraophendcei (which prevents the binding of mRNA to riboswes)* 
This light stimulated production of enzymes by chloroplasts could 
give rise to misleading results when comparing enzyme activities 
in leaves subjected to different light regis&es#
Chandrokar and Badenhulsen (159) have also shown that 
during a period of darkness ADP-^glucos# transglucosylase activity 
decreases as the starch is broken down in the chloroplasts* It is 
possible that the presence of starch stabilizes the enzyme so that 
when the starch is broken down the enzyme is also degraded* This 
would explain the rapid loss of activity when the leaf is placed 
in the dark* khen the leaf is replaced in the light the enzyme 
activity is restored after protein synthesis has occurred and 
once the starch is forxwd this has the effect of stabilizing the 
enzyme*
2* Starch phosphorylase
The discovery of the nucleoside diphosphate sugars and ADP- 
g-glucose transglucosylase has overshadowed the role of starch 
phosphorylase in starch biosynthesis in chloroplasts* Starch 
phosphorylase (at — ^4-glucan t orthophosphate glucosyltransferase) 
(£*C* 2*4.1*1) catalyses the following reactions-
(«1— 4^ glucan)^ ♦ Glucose 1-pho^hate ±=:^(a1 — >4 glucan)g^ ^
this reaction is readily reversible and is the synthetic 
direction the glucosyl units are added to the non-reducing end of 
the starch primer* Similarly in the degradatlve direction glucosyl 
units are removed from the non-reducing end of the primer (141).
This enzyme was first shown to occur in pea seeds and in potato by
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Hanes in 1940 (160,161), It is known that plant starch phos­
phorylase is involved in the breakdown and possibly also in the 
biosynthesis of starch (141), In the ripening process of rice 
seeds there is a parallel increase in phosphorylase activity 
and in starch formation, and as the pH of the kernels increases 
the breakdown of starch by phosphorylase is favoured. Since the 
primer and product concentration can be regarded as constant the 
equilibrium constant is dependent on the ratio of inorganic 
phosphate to glucose 1-phosphate, The results of Hanes and 
Maskell (162) and of Trevelyan et ja (163) indicate that at 
higher pH the equilibrium constant favours the breakdown of 
starch by phosphorylase. The concentration of phosphate in 
developing pea seeds is such that it favours the breakdown of 
starch rather than its synthesis (164),
The primer requirements for potato starch phosphorylase 
are well established (165). Maltotriose is the lowest member of 
the group of xaaltose oligosaccharide to exhibit primer activity. 
This activity is very weak and the higher members of the series 
eg. maltotetraose, maltopentaose and maltohexaose are much more 
efficient primers for starch biosynthesis from glucose 1-phosphate. 
Glucose and maltose are totally ineffective as primers. Recently 
a starch phosphorylase has been isolated from potato tubers vhich 
does not require the addition of a primer (166)* It is believed 
that this ensyme is concerned with the de novo biosynthesis of 
starch,
Madison (167) reported that most of the starch phosphorylase 
activity is associated with the cell cytoplasm of but the relatively 
small amount of ensyme associated with the chloroplast preparation 
had a higher specific activity than the cyt^lasmic ensyme*
6*
Stocking £t ^  (93,163) were unable to show that phosphorylase 
is associated with a chloroplast fraction from tobacco and beans. 
However, these results would be explained by the observation that 
chloroplast phosphorylase disappears then the plant is put in the 
dark and reappears on exposure to light in some plants (153),
De pekete (169) demonstrated that there is an interaction 
between starch gramtles (amyloplasts) and starch phosphorylase.
She found that inorganic ions and WtA stimulate the adsorbtio# 
of phosphorylase on the starch granules but sucrose and other 
sugars inhibited this process. The adsorbtion is optimal between 
pH 6,3 and 8.0* This could be regarded as a novel regulatory 
mechanism for the action of phosphorylase on starch granules, 
that is, the higher the level of sucrose present the less phos­
phorylase is absorbed and, therefore, the less starch is broken 
down.
In later work (170) she was able to show the presence of 
two phosphorylase# in leaf extracts from spinach and immature 
cotyled^s of Vida faba. One phosphorylase is cytoplasmic in 
origin tAilst the other may be a chloroplast enzyme. Both enzymes 
are adsorbed on amyloplasts and on chloroplasts in a salt medium.
ADP and ATP have no effect on the activity of the phosphorylase 
from spinach chloroplasts but ADP-P-glucose, and to a lesser extent# 
HDP-D-glucose are inhibitory, these results suggest that in the 
light, when photophosphorylation is occurring (i.e. when the ATP/Pi 
ratio is high) starch phosphorylase is involved in the biosynthesis 
of starch. Conversely, in the dark, Wien the ATP/Pi ratio is low, 
the phosphorylase is involved la starch breakdown* Both the 
forward and back reactions may be controlled by the level of nucleo­
side diphosphate sugars, especially ADP-D-glucose. De Pekete (171,173)
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has obtained further evidence that the phosphorylase in Vicia 
faba cotyledons nay catalyse both the breakdown and synthesis 
of starch#
Huber ejfc ^  <74) found that starch phosphorylase is mainly 
associated with the Wndle sheath chloroplasts of zea mays and 
very little is associated with the mesophyll chloroplasts# This 
may be because the enzyme is stabilized by starch and so is 
rapidly degraded in the mesophyll cliloroplast Which normally 
does not contain any starch#
3. Biryme
Another problem in starch biosynthesis in the chloroplasts 
is concerned with the formation of the branched structure* The 
enzyme involved in the biosynthesis of el— linkages of glycogen 
was first found by Cori and Cori (173) in muscle. Haworth# Peat 
and Boprne (174) isolated a similar ensyme from potato and called 
it Q ensyme <e1 - ^ 4  glucan t «1-^4 glucan 6 glucosyl transferase) 
(B.C. 2,4#1#18). This msyme transfers part of an el—^4 glucan 
chain from a 4- to a 6- position# This transfer probably occurs 
betwem separate chains of el— >4 glucan tl75) (see Pig. 16).
In this way a straight chain molecule can be converted 
into a branched amylopectin-type molecule, further studies 
showed that it is possible to synthesise am amylopectin-type 
molecule from o-g-glucose l-phosphate in the presence of starch 
phoi^horylase and Q enzyme (176)# The product closely resembles 
natural amylopectin in chain length# iodine staining and degree 
of # amyioiy^ is» When the ratio of Q enzyme to phosphorylase is 
increased tlwn a more highly branched amylopectin is formed* 
However# this does not take into account the involvemwt of
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Pig. 16. Mode of action of Q enzyme
ADP-p-glucose transglucosylase in the chain lengthening of «1 4
glucans* More recently Pol (177) has been able to prepare a 
synthetic polysaccharide which# with regard to its iodine complexing# 
# aaylolÿjsis limit and its basal chain length# is very similar to 
native amylopectin. 1%e enzymes used in this case were ADP-D-glucose 
starch translgucosylase from spinach leaves and Q enzyme from potato. 
However# he was unable to synthesise amylopectin from an enzyme 
preparation derived entirely from spinach leaves,
4. R Enzyme
This is a debranching enzyme (amylopectin 6 glucanohydrolase) 
(B.C. 3.2.1.9) which is opposite in its effect to Q enzyme. That is 
it selectively hydrolyses «1— linkages of amylopectin with the
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liberation of chains of a1— >-4 linkage glucans. The wavelength 
of maximal absorbtion of the iodine complex changes from the 
amylopectin value towards the amylose value as the enzymatic 
hydrolysis proceeds and, concurrently, the p-amylolysis limit 
increases# This enzyme has been isolated from broad beans and 
potato <175, 178)*
5., P Bntya# . ^
This enzyme <a1— >4 glucan t «1 — >4 glucan 4 glucosyl 
transferase) (B.C# 2*4#1«F> transfers part of an «1— >4 glucan 
chain to a new 4-position resulting in an increase in chain 
length and in the formation of amylose-type molecules (175,179).
" '■ i># ■' g-Amylase :
This is an enzyme which has been well documented in plants 
(180) although relatively little work has been done on leaf 
amylases, a-Amylase (a1-^4 glucan 4-glucaaohydrolase) (£.C,3«2.1#1) 
is ubiquitous in living organisms, A survey of 79 species of 
higher plants (181) showed that tt-amylase occurs widely. However, 
the survey was made on whole leaf preparations and the intracellular 
localization of the enzyme was not examined. An unspecified amylase 
has been shown to occur in whole leaf preparations of sugar cane (1 8 2 ), 
Generally a»amylases are Ca^* requiring enzymes; the divalent 
cation is needed for the stability of the protein structure and 
also for enzyme activation. The enzyme normally contains at least 
1 g*atom of Ca^* per mole. There is usually a loss of enzymic
activity on incubation with metal binding agents (e.g. EDTA,
2-¥oxalate) but sometimes the Ca is so firmly bound that the dialysis 
against ÉDTA will not cause a loss of enzyme activity,
13ie enzyme is also activated by monovalent anions (e.g. Cl*),
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Maximal activation is attained with lOmH NaCl in the incubation 
mixture. This activation by chloride ions is temperature 
dependent (180)*
a-Amylase Is generally regarded as an endoamylase which 
acts randomly on @1 linkages in starch. It is thought that 
the reaction occurs in two stages; the first stage involves the 
degradation of starch into large oligosaccharides (dextrins).
The second phase is the breakdown of these dextrins into maltose, 
maltotriose and small amounts of glucose. There is a rapid 
decrease in the average molecular weight of the starch because 
of random attack by the ensym^ . The total breakdown of the 
starch can be followed by observing the change in iodine colour.
The blue iodine colour given by high molecular weight a1—>4 
linked linear glucans (e.g. amylose) is due to complex formation 
between the iodine and the helix of the polymer. The wavelength 
of maximal absorbtion of this complex is dependent on the chain 
length of the polymer. Thus longchain polymers such as amylose 
will absorb at longer wavelengths (640mM) while short chain 
polymers absorb at a shorter wavelength (183). The change in 
iodine colour vdien plotted against an increase in reducing power 
follows a different pattern for a-amylolysis and p-amylolysis 
because of different mechanisms of enzymic attack.
There are three possibilities for the mechanism of action 
of amylases on starch; single chain, multlchain and multiple 
attack. In the single chain mechanism once the enzyme forms an 
active enzyme-substrate complex, it catalyses the reaction from 
one end of the molecule to the other and does not release the 
substrate until it comes to the end of the chain. In the multichain 
mechanism the enzyme attacks the chains of substrate at random with
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the hydrolysis of one bond per encounter* there are two extreme 
cases of enzymic attack, the enzyme may catalyse the hydrolysis 
of several bonds before moving on to another chain# the degree 
of multiple attack is defined as the average number of catalytic 
events vdilch will occur during the lifetime of an enzyme-substrate 
complex, this can be followed by observing the drop in blue value 
against the release of reducing power (1$4>#
e-Amylase has been shown to exhibit a multiple attack 
mechanism (185,186) but the degree of multiple attack d^enda on 
the source of the enzyme and the pH of the incubation mixture (187), 
for example under optimal conditions (pH 6,9) porcine pancreatic 
a-amylase has a degree of multiple attack of about 6 but at pH 10.5 
the degree of multiple attack is zero corresponding to a multichain 
mechanism.
The biological function of a-amylase in leaves is not 
certain but it is thought that a-amylase is able to break down 
starch granules more readily than 8-amylase thus mobilizing the 
glucose which is temporarily stored as starch, |t may also function 
to produce low molecular weight oligosaccharides which are isg>ortant 
in that they act as polymers for starch phosphorylase airà ABP-p- 
glucose transglucosylase (141,188). The free energy change 
occurring during o-amylolysis of starch favours the hydrolytic 
reaction so it is unlikely that a-amylase plays an important part 
in transglucosylation. However, it has been demonstrated that saae 
tt-amylases have a transferase activity, e.g. maltose can be converted 
into maltotetraose by a-amylase and this tetra-saccharide is a much 
better primer for starch synthesis than maltose (175).
7. 8-Amylase
8-Amyiase (at— ^4 glucan maltohydrolase) (2.C.3.2.1.2) is not 
as widely distributed as a-amylase# it is restricted to higher plants
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where it occurs in some cereals, sweet potato and soybeans (189). 
There are few reports of its occurrence in the leaves of higher 
plants* Haapala (190) has claimed that Stellarla media 
chloroplasts contain some 8-amylase activity as Judged from mercuric 
ion inhibition and the pattern of starch hydrolysis pro(hicts.
8-Amylase has been shown to be an exoenzyme| that is, it 
hydrolyses the @ 1 >4 glucan links in polysaccharides so as to 
remove successive maltose units from the reducing ends of the 
chains. n1- » 6 Glucan linkages are not attacked by the enzyme 
and so act as barrier# to further enzymic action* If amylopectin 
is the substrate for the enzyme and the molecule is degraded until 
production of maltose ceases then the product is a limit dextrin 
which is not readily attacked by 8 -amylase*
French and Toungqulst (#1) found that sweet potato 8- 
amylase had a smltiple attack mechanism as <^posed to a single chain 
or multichain attack* They also showed that the enzyme #ms subject 
to product inhibition by maltose.
the biological function of 8 *saylase in leaves is thought 
to be the mobilization of chloroplast starch (190). After 24 hrs* 
of continuous illumination of the leaves of Stellaria media the 
level of the e nz^ in chloroplasts increases rapidly and this 
increase corresponds to a rapid disintegration of assimilatory 
starch by the chloroplasts.
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ÎV* Chloroplast Glycolipids
The thyXakoid membrane of chloropXast grana and lamellae 
probably consist of a central layer of lipid covered on both 
sides with protein (45). The thylakoid membrane is envisaged 
as a lipid layer in vhich multi-enzyme particles are embedded 
(see Fig* 8 )« Weier and Benson (192) postulate that the membrane 
has a subunit structure in vdiich the central core of the lipid 
layer contains the highly hydrophobic moieties, such as the 
porphyrin ring of the chlorophyll, whilst the outside of the 
lipid layer consists of the hydrophilic groups, such as the sugar 
moieties of the galactolipids* It is suggested that any alteration 
in the structure of the hydrophilic group* may cause some change in 
the permeability of the membrane or a change in the conformation of 
the proteins associated with the membranes* This may control the 
rate of photosynthesis either by controlling the activity of 
enzymes involved in CO^ fixation by altering the ionic environment 
in the stroma (105,106,109) or by controlling the light reaction 
and associated electron transport system (193)*
In these lipoprotein membranes the lipid portion consists 
mainly of the highly surfactant lipids, the most isg>ortant of Which 
are monogalactosyl diglycerides (MGBQ), digalactosyl diglycerides 
(DGW)and sulphoquinovosyl diglyceride (SDG)*
The structures of MGXX3, BGDG and SDG are show in Fig, 17* 
The two galactose moieties in DGDG are Joined by an @-1,6-linkage 
which may be susceptible to attack by a-galactosldase* In both 
MODG and DGDG the galactose is Joined to the glycerol moiety vhich 
may be hydrolyzed by 8-galactosidase (194)#
GiC studies (195,196) on the fatty acid composition of 
photosynthetic tissue have shown that there is a high concentration
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Fig. 17 The chemical structure of chloroplast glycolipids
nof polyunsaturated fatty acids notably o-liaolenic acid. In spinach 
leaves (196) there is also a significant amount of hexadecatdenoic 
acid# -,
Ihe predominant hydrocarbon chains of the lipids which form 
the hydrophobic core of the membrane are the polyisoprenoids such 
as the phytoX moiety of the chlorophyll, the earotenoids and 
plastoquinones. Fatty acids which form part of the glycolipid 
and phospholipid fractions of the hydrophobic core
An analysis of the main lipids present in Aitacystis nidulans 
spinach chloroplasts, spinach lamellae and Chlorella are given in 
fable V (194)* It is interesting to note that the relative pro­
portions of each lipid in each species seem fairly constant*
However, a comparison of spinach chloroplasts and spinach lamellae 
shows that there is a lower proportion of HGDG to DGDG in the 
lamellae Which suggests that the latter contains laore DGDG and less 
MGDG than the whole chloroplast and, conversely, the chloroplast 
grana have more MGDG*
fADLB V# Lipid molar ratios (relative to sulphollpld)
Anacysti*
nidulans
Spinach
Lamellae
%>inach
chloroplast
Chlorella
Monogalactosyl
diglyceride 32 36 80 92
Digalactosyl
diglyceride 1 2 2 0 33 38
phosphatidyl#
glycerol 9 14 9 33
Sulpholipid 1 0 1 0 1 0 1 0
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An examination of sulpholipid and galactolipid content of 
plant tissues (197) has shown that these lipids are present in 
all plant leaves# The range of glycerollpid composition in plant 
tissues is given in Table VI#
TABLE VI# Glyccrolipid composition of plant leaves (197)
p^ PJoles lipid/mg total chlorophyll
MGDG 2*60 — 6*74
DGDG 1*26 - 6.74
Sulpholipid 0*12 - 0*93
Zea mays is the only plant with the HSK pathway which has so far 
been examined and the glyeerolipid concentrations are not markedly 
different from those found in Calvin-type plants*
A# Synthesis of Galactolipids
The biosynthesis of galactolipids In Chlorella pyreitoidosa 
was investigated by radioactive tracer techniques using (198)*
Over half the total label incorporated into lipid material was 
found in the galactolipid fraction* The results show that MGDG is 
probably converted to DGDG by a transgalactosylation involving 
BDP-D-galactose, The biosynthesis of galactolipids is believed 
to occur as followst-
QDP-D-glucose 4*-epimerase (1*C* 5*1*3*2)
t) UDP-9-glucose ^ UDP-D-galactose
2 ) UDF-D-galactose DDF
*  ^  >  *
2,3-Diglyceride McmG
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3) m m  DGDG
♦ ^  +
UDP-D^galactoee DDF
The fioitrce of the galactose in galactolipids is UDF-D- 
galactose which is derived from DDP-D-glucose or alternatively 
from gaiactose-1-phosphate and DTP* The reversible intercom# 
version of DDP-p-galactose and DDP-p-glucose is catalysed by 
the enzyme DDP-p-glucose 4* epiaerase (199). Crude enzyme 
preparations have been obtained from higher plants which 
catalyse the épimérisation of DDP-p-glucose at the 4-position (200)» 
DDF-D-glucose 4*~epimerase has been partially purified from Wieat 
germ and the properties of the enzyme studied* The enzyme seems 
to be specific to D0P-D-galactose and DDF-D-glucose and se#as to 
be controlled by the ratio (201)* The enzyme requires
catalytic amounts of KA0^ and is inhibited by KAKl*
Neuf eld and Hall (202) found that isolated spinach chloro-
14plasts catalysed the transfer of galactose from DDF-g- C-galactose 
to an endogenous acceptor to give alkali labile products idiich are 
similar but not identical to normal chloroplast galactolipids*
Ongun and Mudd (203) showed that in isolated spinach 
cblbroplasts DDF-D-^^C-galactose was rapidly incorporated into 
lipids. Amongst the products formed are MGDG, DGDG and possibly 
some trigalactosyl diglyceride (TGDQ)« This synthesis of galacto­
lipids was shown to be light-stimulated* Chloroplasts from young 
leaves show a higher activity than chloroplasts from mature leaves* 
Evidence was obtained for the occurrence of two s^arate enzymes, 
one of which would convert diolein to MGDG and another which would 
produce DGDG from MGDG* The enzyme responsible for the biosynthesis
SI
of MGIX3 1$ mof# lightly boun4 to the aosibr&ttesi than the enzyae 
*ynthe@i$iog DGDG# thio wae further supported by the studies 
Chang and Eulksnii (204)# The values for tJDP«g-galsctose 
showed that the nucleoside diphosphate sugar has a greater 
affinity for the WGDCksynthesisiag enzyme than for the enzyme 
synthesising DGDG# both isolated from a soluble subchloroplast 
fraction of spinach*
There is a marked difference in the fatty acid contents 
of and DGDG from the same source* A direct glycosylation 
of MGDG to form DGDG seems highly improbable unless it is 
accompanied by extensive reduction of the polyunsaturated fatty 
acids of MGDG (203>*
B* Metabolism of galactolipids
The breakdown of MGDG and DGDG by enzymes from runner bean 
leaf tissue has been described (200)* This enzyme preparation 
is only active toward unsaturated galactolipid and is free of 
lipase and phospholipase activity# The enzyme preparation contains 
e* and p* galactosidase capable of hydrolysing digalactosyl 
glycerol (DGG) and monogalactosyl glycerol (M3G), The following 
route was postulated for the breakdown of glycolipids in vivo 
(Fig. Id)*
galactolipase
DGDG ^DGMO
galactolipase
MGDG »#GMG
galactolipase
--------->DGG^ i
B«Uctolip*.t Ve*l*Cto»id.*e
pmgalactosidase
glycerol * galactose
Fig* 18* The metabolism of galactolipids (203)
VCm » Digalactosyl monoglyceride 
MGMG # Monogalactosyl monoglyceride
A gaiattolipase has been detected in spinach leaves idiich 
hydrolyses both MGDG and DGDG (208)# a* and |U galactosidase are 
widely distributed in nature (207)# These enzymes have been 
postulated as the agents responsible for the breakdown of dl* 
galactosyl glycerol Into its component# (206*208)# ct* and 
Galactosidase# have been isolated and purified from j^inach 
leaves (209) where they are mainly in the I00*000g«
soluble supernatant fraction of the cells#
Some of the activity of both and galactosidase is 
also localised in the particulate fractions including a small 
proportion in the chloroplast fraction#
The action of the purified spinach m*#ymes of plant galacto* 
lipids has been examined# Galactose is liberated from MGDG but not 
from DGDG by the p*galactoaidase# It is not clear# however, 
whether e-^ galactosidase will attack the terminal n#^ galactosidic 
linkage of DGDG* the conditions used in the experiment may not 
have been suitable for the hydrolysis of DW3# the main difficulty 
lies in the insolubility of DGDG in aqueous systems# It is possible 
that *#galactosidase will only attack this linkage if the DGDG is 
still intact in the thylakoid membranes* It may be necessary for 
the galactolipid lipase to breakdown the galactolipid to the di* 
galactosyl glycerol before e-galactosidase can attack the @*1,6* 
linkage (208,209)#
C# thé role of galactolipids in chloroplasts 
The role of galactolipids in the chloroplast thylakoid# is 
not clear# It is obvious that they play a part in the morphology 
of the thylakoid# because they are major components of the lamellae 
(210)# It has^  been shown that the chlorophyll containing lamellae
S3
of spinach chloroplasts consist of 51% lipid and 49% protein*
The galactolipids and SDG form approximately 50% of this total 
lipid.
It was thought that there was a correlation between the 
presence of a-iinoleic acid in the galactolipids and the evolution 
of oxygen during photosynthesis (211). This was because it was 
found that photosynthetic bacteria do not have e*linoleic and 
other polyenolic acids and these bacteria are the only photo* 
synthetic organisms which are unable to evolve oxygen during photo* 
synthesis. However, Holton et al (212) did not find any poly* 
unsaturated fatty acids in the blue green algae Anacystis nidulans 
which does evolve oxygen during photosynthesis*
Another theory is that @*linoieic acid may be involved in 
electron transport (213). Galactolipids were found to have a 
stimulatory effect on the rate of cytochrome C photoreduction by 
intact chloroplasts from spinach*
It does seem, however, that the galactolipids are required
by the chloroplast for the Kill reaction but the nature of the
fatty acids is only important In the structure of the thylakoid
membranes (214)* Bamberger and Park (193) have examined the effect
of hydrolytic enzymes on the structure and function of isolated
thylakoids* They have shown that the Hill reaction is inhibited
by treatment of the chloroplasts with a crude enzyme preparation
from runner beans (containing galactolipases luid galactosidases).
The inhibition parallels the degree of hydrolysis and the release
of galactose, glycerol and @*linolenic acid* The proteolytic enzyme,
pronase, also inhibits the Hill reaction and in this case there are
changes in the chlorophyll red absorbtion maximum and in the con^lex 
CRD spectrum of the chloroplast thylakoids* The effect of the
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hydrolytic enzymes on thylakoid morphology was examined using 
the electron microscope# The results suggest that the galaco* 
lipid lies between the thylakoid membranes#
05
E I B D t T S  A N D  D I S C U S S I O N
The fixation of carboncdioxide and the intracellular distribution 
of the enzymes involved in this process In HSK plants have been widely 
investigated by Hatch and Slack (22) but little work has been done on 
the enzymes of carbohydrate metabolism in the two types of chloroplast.
The first aim of the present investigation was to find suitable 
methods for the separation of the two types of chloroplast and later to 
examine the enzymes of carbohydrate metabolism in an endeavour to detect 
biochemical differences between the bundle sheath and the mesophyll 
chloroplasts. It was hoped that this study would help to explain some 
of the characteristic features of plants which have the HSK pathway, i.e.;
i, the efficiency of CO^ fixation;
ii, the lack of photorcspiration;
ill, the storage of starch by the bundle sheath chloroplasts, 
but not by the mesophyll chloroplasts, and
iv, the differences in morphology between the bundle sheath 
and mesophyll chloroplasts.
Sugar cane (Saccharum offlcin&rum) was chos^i for the investigation 
because of its exceptional capacity for 00^ fixation (214), the existence 
of two distinct types of chloroplasts In cane tissue (the bundle sheath 
chloroplasts of sugar cane are almost entirely devoid of grana) and the 
fact that the HSK pathway was first shown to occur in this plant. Sugar 
can# is also of great economic Importance and relatively little work has 
been done on the fixation of GO^ and its conversion to sucrose in the 
leaf tissue,
V. Sugar cane chloroplasts
A» The Morphology of the Sugar cane leaf
The morphology of the sugar cane leaf was examined under a light 
microscope (Fig, 19), In transverse sections the leaf consists of many 
rows of vascular bundles running parallel to the mid-vein of the leaf#
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Fig. 19. Transverse section through sugar cane leaf (unstained)
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Fig. 20. Transverse section through sugar cane leaf (exposed to 
light for 6 hr.) after decolourizing in boiling ethanol 
and staining with I^/KI
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The bundle sheath ceils are visible as a pale green layer surrounding 
the vascular bundle and the mesophyll cells as a darker green area 
surrounding the bundle sheath cells. Under high power it Is possible 
to distinguish individual chloroplasts in the bundle sheath cells but 
not in the mesophyll cells. The inner bundle sheath, and the sieve 
tubes of the vascular bundle are clearly distinguishable and the 
colourless bulliform cells are also visible.
The sections were decolourized by boiling in absolute ethanol 
then dried and stained for starch using Iodine/potassium iodide 
solution (Fig. 20). Most of the starch appears to be associated with 
the bundle sheath cells when the leaves are exposed to light for 6 hr.
This starch disappears when the leaf is kept in the dark for a peribd 
of 12 hr.
Sections of leaf which had been exposed to light for b hr. were 
fixed and prepared for viewing under the electron microscope as 
described in the experimental section. A cross section of the vascular 
bundle and surrounding tissue is illustrated in Tig. 21. The vascular 
bundle is enclosed by the inner bundle sheath and this in turn surrounded 
by a prominent single layer of ceils, the bundle sheath, idiich are 
enclosed by thick cell walls. Outside the bundle sheath cells lie the 
smaller mesophyll cells. These cells appear to have thinner cell walls 
than the bundle sheath cells.
A cross section through adjacent bundle sheath and mesophyll 
cells is sWwn in Pig. 22. TliO large bundle sheath chloroplasts ( %  
diameter) have prominent starch grains whereas in the mesophyll chloroplast 
(2^4j^ diameter) the starch is absent. An interesting feature of the 
bundle sheath cell wall is the electron opaque suberized layer (48).
The cell wall is traversed at intervals by pla&modesm&ta. It is thought 
that the transport of solutes between the two cell layers is restricted
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21. aiectfom micrograph of a transverse section through 
sugar cane leaf.
V vascular bundle 
IBS inner bundle sheath 
BS bundle sheath cell 
M mesophyll cell 
CW cell wall
Fig, 22. Electromicrograph of a transverse section through 
adjacent bundle sheath and mesophyll cells*
BSC bundle sheath chloroplasts 
MC mesophyll chloroplast 
CW cell wall 
SG starch grain 
A suberixed layer 
PB plasraodesmata
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Fig. 21 Electron micrograph of a transverse section through sugar
cane leaf (Mag. x 2,200)
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Fig. 22 Electron micrograph of a transverse section through adjacent
bundle sheath and mesophyll chloroplasts (Mag. x 7,000)
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fia. 23* Electron micrograph of a transverse section of 
mesophyll cells.
MC mesophyll chloroplasts
OM outer membrane
G grana
SL stroma lamellae
3 stroma
C cytoplasm
M mitochondria
# 24, Electron micrograph of a transverse section through 
bundle sheath cells#
BSC bundle sheath chloroplast
SG Starch grains
St stroma lamellae
s stroma
CM outer membrane
CW cell wall
C cytoplasm
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Fig. 23 Electron micrograph of a transverse section through mesophyll
cells (Mag. x 15,000)
94
/..A
OM*
Fig- 21 Electron micrograph of a transverse section through bundle
shearh cells (Mag. x 11,000)
te the pXasiBodesmata, This is ii^ortant when the schemes for the 
mechanism ofCD^ fixation are considered (51).
A cross section of the mesophyii cells at a higher magnifi­
cation is shown in Fig* 23. The chloroplasts appear to be typical 
plant chloroplasts (51) bounded by a distinct outer membrane. They 
have prominent grana stacks linked by stroma lamellae. The spaces 
in between these formations of membranes are filled with soluble 
protein or stroma. The chloroplasts appear to be surrounded by 
cytoplasm which also contains some mitochondria. In some cases 
prominent nuclei are observed and the cell walls in between the 
mesophyll cells also have plasmodesmata.
A cross section of a bundle sheath cell (Fig. 24) shows that 
the chloroplasts have single membranes or stroma lamellae idiich appear 
to run parallel to each other. There are no obvious grana in any of 
the organelles examined. The most conspicuous features are the large 
oval shaped starch grains vdiich lie in the stroma in between the lamellae. 
The bundle sheath cells appear to be packed with chloroplasts and very 
little cytoplasm is visible. In some cases prominent nuclei and mito­
chondria were observed.
This work confirms the observation of taetsch et al (49) that 
sugar cane leaves store starch in the bundle sheath chloroplasts but 
not in the mesophyll chloroplasts under the conditions used in these 
e:q?eriments.
B. Methods for isolating sugar cane chloroplasts.
Initially the classical methods for isolating chloroplasts in 
aqueous media were used (215)# These methods generally involved the 
maceration of tissue in isotooilc (0.33M sucrose or NaCl) buffered media. 
&0W  of the cell debris was removed by filtering the brei through idiole
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cell#, cell walls, nuclei and other debris. Further centrifugation 
of the filtrate (tOOOg for 10 min) gave a pellet which appeared to 
be composed of relatively pure chloroplast material. However, an 
examination of the organelles under a light microscope showed that 
only a small proportion of the chloroplasts remained intact using 
the criteria of leech (57). She has described a method for the 
preparation of intact chloroplasts from Vicia faba leaves and has 
shown that these chloroplasts appear opaque under a light microscope 
and that the margin of the organelle is well defined. In contrast, 
broken chloroplasts have a granular appearance and a diffused, 
indistinct boundary, When these criteria were applied to the preparation 
of sugar cane chloroplasts it was found that some of the organelles had 
intact outer membranes but that the majority were broken during the 
isolation procedure.
One of the difficulties in trying to isolate intact sugar cane 
chloroplasts is that the leaf is much tougher than those from normal 
sources of chloroplasts such as spinach, broad beans and peas. This is 
because of the thick cell walls especially around the bundle sheath 
cells (see Fig, 21). In order to overcome this problem the cane tissue 
was cut into smaller pieces and a longer grinding period eayloyed. In 
this study it was found that Wien the leaf was cut into 1cm strips and 
then macerated for 15 sec using an Atomix homogenizer an optional
yield of unbroken chloroplasts was obtained. Further maceration 
resulted in a greater yield of chloroplasts Wt there was a smaller 
proportion of unbroken organelles.
Other problems encountered during the isolation procedure were 
the clumping of organelles during the isolation and the loss activity 
of some of the enzymes associated with the chloroplasts, Baldry has 
suggested that both these factors may be due to the high level of
n£»diphenoi« Cmainlf ehlorogenic acid) in cane leave# and alao the 
preaence of phenoiase (216)* Mhen these c##e released during the 
grinding procedure the oxidation of the o-diphenol* hy the enzyme 
results in the formation of ^ diquinone# and tannins and these may 
react with the thiol groups of proteins to inhibit enzyme activity 
(217)* This may also have caused the clasping of the chloroplasts*
la this study three different methods of overcoming this 
inhibition were used*-
a)* removal of phenolic substrates e.g. by adsorbti<m; ^
Polyvinylpyrrolidone (PVP) was incorporated in the isolating
medium. This was partially effective in reducing the browning of the 
medium during the extraction of the chloroplast but formed a scum at 
the top of the tube after centrifugation* Anderson (218) reported 
that PVP does not remove chlorogenie acid effectively unless quite 
high concentrations of the polymer were used*
b), removal of qulnones by reduction to the o-diphenols;
Secondly# sodium isoascorbate (lOmM) was added to the extraction
medium to reduce the quinones and this §as effective in preventing 
browning of the medium but some enzyme activities were lost during the 
isolation procedure and this practice was discontinued*
c)# inhibition of phenoiase activity*
Inhibition of phenoiase activity by thiol reagents was examined 
and it was found that lOmH cysteine or ImM thioglycollic acid were 
effective; preventing the browning of the extraction medium during the 
isolation of the enzymes. They were also effective in protecting 
labile enzymes (e.g. AbP*g»glucose pyrophosphorylase) during the 
isolation procedure* - In subsequent experiments one of these thiol 
reagents was added to the medium*
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The nonosqueous method of isolating chloroplast was basically 
that of Stocking (63)# This involved the lyophilisation of small 
leaf segments followed by grinding in hexane; carbon tetrachloride 
mixture as described in the experimental section* The cell debris 
was removed by filtering through glass wool and the chloroplasts were 
harvested by centrifugation# In this method problems were also 
encountered in grinding lyophilixed tissue because of the toughness 
of the leaf# The isolation medium tended to warm up because of the 
long grinding time required* This was overcome by using a pestle and 
mortar which were k^t cold using dry ice#
C* Methods for separation of dimorphic chloroplasts from 
sugar cane#
1# Density gradient Centrifugation
Initially sorbitol gradients in 50»M phosphate buffer were 
used to attempt to separate the bundle sheath and mesophyll chloroplasts* 
Sugar cane leaves were destarched by keeping them in the dark for 24 hr* 
before starting the Isolation. The absence of starch in the leaves was 
checked by taking cross sections, extracting all the chlorophyll with 
ethanol and then staining with iodine»potasslum iodide solution* The 
bundle sheath cells of the leaves which had been kept In the dark did 
not appear to contain starch. The method of Bucke et al (219) was used 
to isolate the sSiole chlorcq^ last fraction mad this was resuspended in 
isolating «medium and carefully layered on a linear gradient of 33*3  ^
44.4% w/w sorbitol at 2^ prior to centrifugation at 1#000g In an HSB 
Major centrifuge with a swing-out rotor*
Pig# 23a shows the separation achieved with chloroplasts isolated 
frws destarched sugar cane leaves after centrifugation for 60 min at 
lOOOg* Dnder the light microscope it appeared that peak 2 consisted 
mainly of broken chloroplasts and peak 11 mainly of intact chloroplasts*
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Xt At tti« titM to distinguish between the mesophyll
end bundle eheeth ohlotoplests but it cen be essuaed that peek XI 
consisted of both types of organelle, tittle starch appeared to be 
present in any fraction as shorn by glucose determinations on acid 
hydrolysates of methanol washed particulate material. Glucose was 
estimated by the glucose oxidase method (221),
fig# 25b shows a similar es^eriaent but in this case chloroplasts 
were isolated from sugar cane leaves which had previously been exposed 
to light for 0 hr# A similar distribution of chlorophyll in the 
gradient (Graph A) was found but peak XX was smaller relative to 
peak X compared to the pattern in fig# 25a. Experiments by Baldry et al,
(64) have since shown that bundle sheath chloroplastssediment to the 
bottom of the tube due to the high starch content produced under 
illumination.^
The second curve in fig# 25b shows the total glucose after 
hydrolysis of each fraction without washing first with methanol. There 
is a much greater concentration of glucose per mg. chlorophyll in 
peak IX than in peak X again indicating that peak XX c<waisted of tdiole 
chloroplasts and peak X of brok^ chloroplasts.
In fig. 25c a similar distribution of chloroplasts was found but 
only glucose derived frms starch by acid hydrolysis was measured# The 
level of glucose derived free starch was lower than the total glucose 
(c*f# fig, 25b) and there was no obvious correlation between chlorophyll 
content and the presence of starch but there was a higher starch level 
in the chloroplasts which aedimented at the highest rate, A pale green pellet 
was deposited at the bottom of the tubes in both the experiments 
illustrated in figs. 25b and 25c. The results of Baldry et lU (64) 
published after my own work suggested that this material consisted of 
starch filled bundle sheath chloroplasts together with other cell debris
1Ù?
and that peak 21 consisted mainly of intact mesophyll chloroplasts,
2# Discontinuous Gradient Centrifugation 
The continuous gradient method for preparing the two types 
of chloroplast proved to be too cumbersome for isolating the organelles 
on a large scale for enzyme studied, furthermore the long period of 
centrifugation (Ihr) resulted in the loss of enzyme activity.
Initial experiments using the technique of Baldry et al (64) 
were successful. This method involved resuspension of the whole 
chloroplast fraction in 0.33M sucrose in buffer and layering it carefully 
on top of 50% sucrose (w/w) and centrifuging at 1»000g for 10 min in a 
swing-out rotor. The bundle sheath chloroplasts sediment to the bottom 
of the tube because of the high starch content and the mesophyll 
chloroplasts remain at the interface of the 0*33M sucrose and the 50% 
w/w sucrose (see fig* 26).
Mesophyll __ 
chloroplasts
Bundle sheath^ 
chloroplasts
a)
0.33M
sucrose
_50%
sucrose
b)
Mesophyll and 
bundle sheath 
chloroplasts
fig. 26» Discontinuous gradient centrifugation of sugar cane chloroplasts,
a) chloroplasts isolated from leaves exposed to light for 6 hr.
b) chloroplasts isolated from destarched leaves#
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Some difficulty was experienced initially because of the tendency of 
the mesophyll and bundle sheath chloroplasts to sediment together 
through 50% (w/W) sucrose. The success of the separation procedure 
seemed to depend on the variety of cane used. Baldry (private 
communication) suggested that this clumping together of the organelles 
was due to the action of o-diphenols and phenoiase in the cane tissue 
and in this study thiol reagents were added to the isolation and re- 
suspension media in order to Inhibit the enxyme and this improved the 
separation of the two types of chloroplast.
Table VX shows the distribution of chlorophyll in the mesophyll 
and bundle sheath chloroplast fractions. This was a rapid and convenient 
method for the standardisation of the aqueous technique of Baldry ^  jU 
(64) for isolating the tMto types of chloroplast.
The distribution of chlorophyll between the fractions was found 
to be very similar in most e^eriments. When the chlorophyll constant 
of the bundle sheath fraction was higher than normal, as in experiments 
ill and iVf this may have been due to some contamination with mesophyll 
chloroplasts. In such eases, when the organelles were intended for 
further biochemical examination, the fractions were discarded.
Baldry et al (64) have employed sisUlar methods for the isolation 
of sugar cane chloroplasts and they have provided evidence that the 
yield of the two types of chloroplast varies according to the grinding 
time. Generally, they found that the bundle sheath chloroplasts only 
accounted for 2-5% of the total chlorophyll content of the preparation 
although haemocytometer counts showed that 30-40% of the chloroplasts 
in the original aUxture were bundle sheath chloroplasts.
The increased yield of chlorophyll in the bundle sheath fraction 
must be due to the longer grinding periods which had to be employed in my 
study. The chlorophyll content does not give a true reflection of the
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TABU VI, Distribution of chlorophyll between the bundle 
sheath and mesophyll chloroplast fractions
Experiment % chlorophyll in bundle 
sheath fraction (A)
% chlorophyll in mesophyll 
fraction (B)
1 9.8 90.2
ii 9.4 90.6
ill 15.5 84.6
iv 11.8 88.2
V ' 9.6 90.4
Vi 9.6 90.4
vii 9.3 90.7
The whole chloroplast preparation was fractionated into mesophyll 
and bundle sheath chloroplasts by centrifugation through 50% sucrose 
(w/W) as described in the e3q;>eriaental section (p«182). The chlorophyll 
content of each fraction was measured by the method of McKinney (220).
iùé
quantity of chloroplast material in the two fractions because of 
the absence of grana in the bundle sheath chloroplasts* The 
greater yield of chlorophyll C^%) in the bundle sheath fraction, 
when compared to the results of Baldry, suggests that the percentage 
of bundle sheath chloroplasts is greater than that of mesc^hyll 
chloroplasts in my pr^aration*
This is borne out by the results shown in Table XI where 
analysis of protein and chlorophyll content# of each fraction shows 
that there must have been a high proportion of bundle sheath 
chloroplasts in the unfractionated mixture* The yield of water 
soluble and KaOH soluble protein is higher in the bundle sheath 
fraction than in the mesophyll fraetion although the chlorophyll 
was found B&inly in the mesophyll fraction*
The low protein/chlorophyll ratio in the mesophyll chloroplasts 
indicate that a large proportion of these organelles are broken in the 
fractionation procedure* leech <223) has exaiained the protein/chlorophyll 
ratios in stripped and intact chloroplasts of Vicia faba and she has 
shown that the ratio for intact chloroplasts should be high due to 
the retenticm of stroma protein and for stripped chloroplasts will 
be lower due to loss of stroma protein in the preparati<m« She obtained 
values of 0,18-3,66 for intact chloroplasts and 0*74-1,13 for stripped 
chloroplasts* Although it is difficult to make a direct comparison 
between isolated chloroplasts from Vicia faba and from sugar came it 
would seem that the mesophyll fraction from cane may contain many 
stripped chloroplasts which have lost their stromal protein idiereas 
the majority of the bundle sheath chloroplasts remain intact during 
the isolation procedure* This observation was confirmed by an electron 
microscopic study of the fractions. The sections were prepared as 
described in the experimental section (p.l78). The fraction which
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TABIÜ VII» Protein and chlorophyll assays on chloroplast fractions
Bundle sheath chloroplast 
fraction (A)
Mesophyll chloroplast 
fraction (B>
Chlorophyll
(pg)/
612 5,400
Water soluble 
protein (pg) 514 392
Nacm soluble 
protein <pg) 1,208 420
Total protein 
<Pg)
1,722 812
The whole chloroplast preparation was fractionated into 
mesophyll and bundle sheath by centrifugation through 50% sucrose 
(w/w) as described in the experimental section (p«182)«
The chlorophyll content of each fraction was assayed by the method 
of McKinney (220) and protein determined by the Polin-Lowry method 
( 221)»
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sedimented through 50% (w/W) sucrose (Fig» 27) appeared to consist 
mainly of bundle sheath chloroplast but fr&gments of cell wall and 
a few disrupted mesophyll chloroplasts were also found. However, 
most of the chloroplasts In this fraction were devoid of grana and 
some had clearly visible starch grains Whilst ethers have gaps in 
between the lamellae where starch grains may have occurred, free 
starch grains were also observed in the fraction. In some cases 
the chloroplast had lost the outer membrane and most of the soluble 
protein but many of the chloroplasts in this fraction appeared to 
have an intact outer mesbrane and much of the stroma protein was 
retained. This may account for the relatively high yield of soluble 
protein obtained from this fraction when cosg>arcd to the mesophyll 
fraction (see Table VII),
The fraction which has a density less than that of 50% (w/w) 
sucrose was also examined by electron microscopy, Baldry et al (64) 
have claimed that this fraction consists mainly of mesophyll 
chloroplasts. This claim was verified in the present study but very 
few chloroplasts with intact outer membranes were observed. The 
organelles in this fraction were clearly of the mesophyll type with 
distinct grana and stroma lamellae (Pig, 28), Much of the stroma 
protein appeared to have been lost and this probably accounts for 
the low yield of soluble protein which was obtained from this fraction 
(Table VII), However1 the fraction was free of contamination by cell 
walls# nuclei,bundle sheath chloroplasts and starch grdins and 
therefore it can be assumed that most of the soluble protein obtained 
from the fraction was derived f$m the stroma of the mesophyll 
chloroplasts.
2, Hon-agueous fractionation of Stocking (63)
The non-aqueoua method of Stocking (63) for the isolation
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Fig. 27 . Electron micrograph of a typical chloroplast from the bundle 
sheath fraction prepared by the aqueous method of Baldry (64) 
(Mag. X 32 K) SG Starch grain S = Stroma
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Fig. 2 8 . Electron micrograph of a typical chloroplast from the mesophyll 
fraction prepared by the aqueous method of Baldry et ^  (64)
(Mag. x 2 2 K )  G = grana, SL = stroma lamellae, S - stroma
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of chloroplasts has been adapted by Slack (61) to fractionate the 
two types of chloroplast from Zea mays* the procedure relies on 
the fact that most of the mesophyll chloroplasts, which dO not store 
starch, have a density less than 1,30 and the majority of the bundle 
sheath chloroplasts, with their large starch grains, have a density 
greater than 1*40*
In the present study# this method (see p*183) was applied to 
sugar cane. The distribution of chlorophyll in the various fractions 
of chloroplasts isolated from leaves which had been e3q>osed to the 
light for 6hr* is shown in Fig* 29a* The chlorophyll was distributed 
equally between the fractions of density < 1.30 and >1.40. However, 
when destarched leaves were used then most of the chlorophyll was 
associated with the light fraction. These results suggest that when 
cane chloroplasts from pre-illuminated leaves are fractionated most 
of the bundle sheath organelles sediment at a density of >1.40 whilst 
the majority of the mesophyll chloroplasts are found in the <1.30 
fraction. However, both types of organelle from destarched leaves 
are found in the fraction of density <1.30 (Fig. 29b)
An examination of the fractions obtained from pre-illuminated 
leaves under the light microscope revealed that light fraction 
consisted mainly of chloroplast material Whilst the fraction of 
density >1.40 was partially contaminated with cell wall fragments 
and free starch grains. The presence of starch grains in the chloro­
plasts from the heavier fraction was confined by extraction of the
IF
Chlorophyll with ethanol and then staining the organelles with I^ /Kl,
Starch was not visible in the fraction of density <1*30,
The two types of chloroplast produced by this technique are not 
as pure as those produced by the aqueous technique of Baldry e^ ^  (64) 
but the non-aqueous method does have the advantage that $»ote of the soluble 
stroma protein is retained in the chloroplasts during the isolation procedure.
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b) destarched leaf
chlorophyll
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Fig. 29.
< 1 . 3 0  1.30-1.33 1.33-1.36 1.36-1.40 >1.40
Density of fraction 
The distribution of chlorophyll in fractions obtained by
density fractionation in non-aqueous media
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VI Carbohydrate Metabolism in sugar cane chlofoplesta.
Most of the work that has been done on the distribution of 
the enzymes in chloroplasts of plants with the HSit pathway has been 
limited to those enzymes involved in CO^ fixation by the Calvin cycle 
on the HSK pathway. The majority of evidence concerning the localization 
of enzymes comes from non-aqueous chloroplast fractionation techniques. 
Several workers have suggested that ribulose-diphosphatecarboxylase and 
the other enzymes of the Calvin cycle are confined to the bundle sheath 
chloroplasts while the enzymes of the HSK pathway are located in the 
mesophyll organelles (38,62,65-66). It is thought that the mesophyll 
chloroplasts initially fix the carbon dioxide and the resulting product, 
possibly malate, la translocated to the bundle sheath chloroplasts where 
the malate is decarboxylated and the carbon dioxide is fixed again via 
the Calvin cycle.
However, this theory does not explain why the bundle sheath 
chloroplasts store starch while the mesophyll chloroplasts do not under 
normal conditions of illumination. The slimiest explanation has been 
proposed by Laetsch (31), He suggested that there is no difference in 
the inherent ability of the two types of chloroplast to form starch and 
that the large amounts of starch found in the bundle sheath chloroplast 
are due to their position on a carbon source - sink gradient. Laetsen 
suggested that, at normal light intensities, the rate of fixation of 
carbon dioxide exceeds the rate of translocation of photosynthetic 
products* The result is that the level of photosynthetic products 
increases in the bundle sheath cells and this results in the formation 
of starch in the chloroplasts of these cells. The evidence for this 
theory comes from an electron microscopic study on sugar cane (laetsch, 
private communication)* When translocation is inhibited starch synthesis 
occurs not only in the bundle sheath but also in the mesophyll chloroplasts,
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Bveatually both types of chloroplasts become filled up with starch 
and photosynthetic carbon dioxide fixation is impaired# If the plant 
is then put in the dark and translocation, from the bundle sheath 
cells into the vascular bundle, is allowed to occur then the starch 
in the bundle sheath chloroplasts is broken down# When this process 
is complete then the starch in the mesophyll chloroplasts is broken 
down. This theory is not consistent with the results presented in 
this thesis (see Table VIIX) or those of Huber et al (74) who have 
isolated and separated dimorphic chloroplasts from Zea mays# The 
latter workers suggested that the storage of starch by the bundle 
sheath but not the mesophyll chloroplasts is a direct consequence of 
the high level of starch-synthesising enzymes in the former organelles# 
the results obtained with sugar cane chloroplasts tend to confirm this 
view that each type of plastid has a different capacity for making 
starch due to differences in enzyme contents*
k third hypothesis is that the occurrence of two different 
routes for carbon dioxide fixation may be a major factor in determining 
whether or not a chloroplast will store starch# It may be that the 
limited availability of substrates, for exasple hexose phosphates,
C  r 3; I 3  ^limits the production of starch in the mesophyll chloroplasts# 
it is possible that the mesophyll chloroplasts contain the enzymes 
responsible for the fixation of carbon dioxide into malate by the HSK 
pathway and that this malate is transported before hexose phosphates 
can be produced# Data obtained by Hatch, Slack and Goodchild (62) 
indicated that when Zea mays is e^osed to CO^ and the chloroplasts 
are fractionated by the non-aqueous technique, most of the labelled 
hexose phosphate is found associated with the bundle sheath chloroplasts# 
Their theory is that the large pool of hexose phosphate accounts for the 
high rate of starch synthesis in the bundle sheath chloroplasts# However,
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the interpretation of these results is subject to the reservation 
of Baldry ^  al (72) who suggested that the initial fixation of 
carbon dioxide into malate occurs in the colourless bulliforn cells 
lurrounding the mesophyll layer, that the refixation via the Calvin 
cycle occurs in the mesophyll chloroplasts and that the bundle sheath 
chloroplasts are adapted as starch storing organelles#
We have examined seme of the enzymes of starch and sucrose 
metabolism in sugar cane and examined the levels in the two types 
of organelle (Table VXll^ # The results obtained were, in s<me respects, 
similar to those described by Huber et si (74) from Zea mays#
A. Starch Metabolism
The nature of the starch which accumulates in the bundle sheath 
chloroplasts of sugar cane was investigated. The chloroplasts were 
isolated and separated by the aqueous method and the starch present 
in the organelles was extracted and partially characterized by the 
methods described in the experimental section.
The starch obtained from the bundle sheath fraction was found 
to be soluble in 4M KCSi but only sparingly soluble in water. It gave 
a starch-iodine complex with a x max of 580nM (see Pig# 30)# Acid 
hydrolysis of the sample in M HCl at 100® for 30 min# yielded glucose. 
This was confirmed by the glucose oxidase method for the determination 
of glucose and also by paper chromatography# Bnzymic hydrolysis of the 
starch by salivary n-amylase yielded maltose and maltotriose# These 
products were identified by paper chromatography#
These results indicate the presence of an al— ^4 linked poly- 
glucan in the bundle sheath chloroplasts# Very little starch was found 
in the mesophyll fraction#
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jL. Amylase
This enxyme has been reported to be present in the leaves of 
many plants but its localisation in the tissues has not been fully 
investigated* Haapala (190) has claimed that Stellarla media 
chloroplasts contain ^amylase as judged by mercuric ion inhibition 
and action pattern, maltose being the only product of amylolysis of 
starch. A survey by Gates and Simpson (181) has shoim that «•amylase 
is ubiquitous in the leaves of higher plants. Since chloroplasts are 
the only organelles which store starch in leaves one could eaqtect the 
amylase to be associated with these organelles.
An unspecified amylase has previously been detected in whole 
leaf preparations of sugar cane (182), The presence of an amylase in 
sugar cane leaves was confirmed by extracting the idiole leaf protein 
with phosphate buffer (pH 6.8) and assaying the release of **apparent 
maltose** from soluble starch. The hydrolysis was linear with time for 
periods up to 60 min. and the rate was proportional to the protein 
concentration (Fig, 31)
Initial studies on the soluble protein from a whole chloroplast 
fraction showed the presence of an enxyme idilch degraded starch with 
the forswktion of maltose, sualtotriose and higher molecular weight 
oligosaccharides (D.P, 2*5} paper chromatography). Glucose was not 
detectable amongst the products. The enxyme from separated bundle 
sheath and mesophyll chloroplasts had a similar action pattern on 
soluble starch. The pH optimum of this activity was found to be 6.9 
with soluble stroma protein obtained from idiole^  bundle sheath and 
mesophyll chloroplast fractions (Figs, 32, 33, 34). The whole chloro* 
plast fraction produced the same hydrolytic products when incubated 
with soluble starch at both pH 4.8 and 6.9 but the hydrolytic activity 
at the lower pH was only 20% of that at pH 6.9 (Pig. 32). The pH optimum
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Fig. 31. Effect of protein concentration on amylase activity
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• Phosphate Buffer
(pH 5.7-8.0)y-^
5 0
3 0
20
10
0
Fig. 32. Effect of pH on amylase activity in a whole chloroplast fraction.
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Fig. 33. Effect of pH on amylase activity in bundle sheath 
chloroplasts separated by the aqueous method.
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Fig. 34. Effect of pH on amylase activity in mesophyll chloroplast
fraction separated by the aqueous method.
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of p^ ttjaylase i$ nomally iis the region of pH 3 (139) wbilet that 
of n#amylaae ia at pH 7 (ISO) hence these resuit» suggested the 
presence of the iatler type of enzyme in sugar cane chioropiasts.
Table IX shows that the amylase In the sAole chloroplast 
fraction is activated by chloride Ion# This appears to be a general 
requirement for ««amylases from several sources (180)* Maximal 
activity was obtained with tOmM NaCl in the incubation medium,
TASUi IX# The effect of ions on e-amylase activity
Relative activity (%)^
Salt Tris*acetatc buffer Phosphate buffer pH 6.8 pH 6.8
No addition 20,0 13.6
NaCl SmM 89,1 87,7
lOmM 100.0 92,3
-aOmM 100.0 93.2
Ca(N0 3 )^ 41.3 #a '
IOhM 45,0
20mM 41.3 4#
Ca(NO^). 
NaCl ^  ~
lOraM 1 
l OiM r 93.3 -
3BPTA
NaCl
l OnM L 
lOmM ' 25,5 * _
NaNOj lOmM 50.0 42,5
fully activated enzyme (♦lOmM NaCl) # 100,
The effect of calcium ions on enzyme activity was not as clear 
as the effect of chloride ion* incubation of the enzyme with calcium
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nitrate gave some activation but a aiaiiXsr result was obtained with 
aodiua nitrate indicating that the activation was caused by nitrate 
ions rather than the calcium ions. Indeed calcium nitrate (lOmM) 
appeared to be slightly inhibitory vdien incubated with the enzyme 
in the presence of lOnM NaCl.
However* incubation of the ensyme^wlth NaCl(lOnM) and BZ3TA 
(lOmM) reduced the activity to 2$»5% of that produced by MaCl(IOmM) 
alone} this indicated that a metal ion idiich chelated with BPTA was 
required for the activity of the enzyme and this was probably calcium, 
these ions may have been bound too tightly to the protein to be removed 
by dialysis against phosphate buffer* It is interesting to note that 
tdien phosphate buffer was used in the incubation medium instead of trls« 
acetate buffer there was a small but general inhibition of the enzyme 
(Table IX) possibly due to the formation of a small amount of insoluble 
calcium phosphate*
These conclusions were substantiated by iw addition e3q>eriments 
(Table X)« The protein fractions were dialysed against BOTA (0.1M) and 
then dialysed further against dilute buffer to remove IOTA* Vhm the 
resulting preparation was assayed no activity was detectable. However
TABUS X. The effect of dialysing a«s#vlase against BETA
Addition Relative activities (%)
Original activity (NaCl»10mM) 100
Boiled enzyme 0
. After dialysis against
0.1 M BDTA
Ko addition \ 0
NaCKlOmM) / 13.6
Catm^lg (lOfflM) 19.4
CaOK)^)^ (lOmM)KaCl(tOiiM) 65.2
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the addition of chloride iona or calcium iona resulted in some activity 
and on the addition of both ions 65% of the original activity was 
restored# This type of behaviour is* again* characteristic of ««amylase 
and not p«amylase (180*189)#
When the cane amylase was incubated with soluble starch the 
decrease in **blue value** with increasing reducing power followed the 
usual amylase pattern (187) (Pig# 33)# It was not possible to distinguish 
between n« and ^ «amylase by this method because both types of amylase 
exhibit some degree of multiple attack# The single chain and aatltichain 
mechanism represent two extreme cases of starch degradation and various 
««amylases have been shown to exhibit varying degrees of multiple attack# 
For example* in the case of human salivary and Aspergillus oryrae o« 
amylases it is quite low. However the enzyme obtained from sugar cane 
chloroplasts has a high degree of multiple attack which is comparable to 
that of porcine pancreatic ««amylase (187)* ^«amylase from yohixtb
is thought to exhibit a similar degree of sailtiple attack (184* 191)*
The soluble protein from the whole chloroplast was fractionated 
on a sephadex G«100 column using O.IM phosphate Wffer# pH 5*8* as eluent 
(see Fig. 36). A single peak of activity was obtained Which was eluted 
Just after the void volume of the column* The active fractions were 
pooled and the Km for the enzyme* using soluble starch as substrate* was 
determined by a modification of the tineweaver Burk method described 
Narayanan and Sbandmugasundram (224)| a value of 0.71 mg./ml* was 
obtained (Fig* 37)*
The levels of ««amylase in whole leaf and protein fractions fr^ 
cane (Table XX) shows that the specific activity of the enzyme was 
considerably greater in the organelles than in the remainder of the leaf; 
indeed in vivo the amylase may well be coi^letely organelle bound* The 
other point of Interest was that the bundle sheath chloroplasts have a
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Fig. 35 Change in blue value with the increase in reducing power during 
the hydrolysis of soluble starch by amylase from sugar cane 
chloroplasts.
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Fig. 36 Sephadex G-100 gel filtration of amylase from sugar cane whole 
chloroplast fraction.
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123
specific activity twice as high as that of the mesophyii chloroplasts* 
This way he related to the large quantities of starch found in the 
former organelles*
TA0tB XX* tevels of a-amylase in cell fractions
(pg apparent maltose/hr*
leaf batch A (collected
in June 1963)
1000 g supernatant 1.9
Whole chloroplast fraction 44,0
Leaf batch 6 (collected
in May 1969)
Whole leaf protein 0*7
Mesophyll chloroplast 5.6
Bundle sheath chloroplast 12*5
Amylase activity was not detected in all chloroplast preparations and 
it was concluded that the level of enzyme was probably seas<mal* The 
highest levels of enzyme were detected during periods of rapid growth*
It seems that the enzyme may have a role in the mobilization of storage 
starch in addition to phosphorylase which is thought to be the major 
enzyme involved in the breakdown of starch in plastids.
2* Starch phosphorylase
This enzyme may be involved in the breakdown of starch in the 
bundle sheath chlori^lasts of sugar cane leaves. The intracellular 
localization of the enzyme has been studied mainly in leaves of vicia 
faba and de fekete ClW has shown that at least part of the phosphorylase 
activity is bound to the leaf chloroplasts* Ruber et al (#) have shown
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that in 2ea maya moat of the starch phosphorylase is associated with 
the bundle sheath chloroplasts.
Initial studies were carried out to devise a rapid micro assay 
for sugar cane starch phosphorylase and this was achieved using 
glucose 1-phosphate as a substrate and amylopectin and an acceptor.
The radioactive substrate and product were separated by elution on 
chromatography paper with 50% aqueous ethanol %diich resulted in the 
amylopectin remaining at the base line and the glucose 1-phosphate moving 
with the solvent front. The chromatogram was then dried and the labelled 
polysaccharide counted using a liquid scintillation method. The advantage 
of this new assay technique is that it eliminates errors due to loss of 
amylopectin which occur in other assays involving precipitation and 
washing stages. The main disadvantage is that elution of the chromatogram 
takes 12 hr but this is offset by the isptoved reproducibility of the 
results.
The starch phosphorylase activity was very low in the aqueous 
protein from whole cane chloroplasts isolated in 0.33M sucrose-buffer
medium but considerably activity was found in the soluble lOS O^OOg siq>er«»
natant when cane chloroplasts were isolated in 0.33M KaCl-buffer medium 
(Mg. 33). This phenomenon is perhaps explained by the work of de Pekete 
(169) who examined phosphorylase from Vicia faba cotyledons and showed 
that the enzyme is adsorbed on the amyloplasts in the presence of inorganic 
ions. She found that the pH optimum for this adsorption occurs between
pH 6.3 and 6,8 and that sodium ions* chloride ions and BI3TÂ promote this
adsorbtion; sucrose and other sugars inhibit this process.
It is possible that* during the isolation of sugar cane chloroplasts 
in 0.33M NaCl-buffer medium* the high salt concentration aided the adsorption 
of the phosphorylase on to the starch granules in the bundle sheath 
chloroplasts thus stabilizing the enzyme. On the other hand* isolation of
127
glucose 1-phosphate 
incorporated into 
amylopectin 
(nMoles) .
0-3
01 •
45
Time (min)
Fig. 38 Time course study on starch phosphorylase from a particle-free
supernatant derived from sugar cane chloroplasts isolated in
a) in the presence of amylopectin o— o
b) in the absence of amylopectin #— •
0.33M NaCl medium.
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Fig. 39 Time course study on starch phosphorylast from a particle-free
supernatant (0-80% NH^SO^ fraction) derived from bundle sheath (o— o> 
and mesophyll (•— •) chloroplast fractions isolated by the aqueous 
technique.
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the chloroplasts In 0#33M swcrose-buffer medium may have the reverse 
effect on this process* Thus the adsorption of phosphorylase to the 
starch granules of the bundle sheath chloroplasts may be controlled 
by the level of sucrose in the organelle* A high level of sucrose 
during photosynthesis would prevent adsorption of phosphorylase on to 
the starch grain resulting in a slower rate of breakdown of the poly­
saccharide which in turn aids the accumulation of starch normally 
observed when the plant is put in the light* The lower levels of 
sucrose which occur when the plant is put in the dark would result in 
a closer association of enzyme and substrate and hence a more rapid 
removal of the starch*
The very low levels ofphosphorylase activity which were found 
when the sugar cane chloroplasts were isolated in sucrose made It 
difficult to examine the distribution of the enzyme in the two types 
of chloroplasts# However, activity could be partially restored by 
salting out the soluble protein with ammonium sulphate and then 
dialysittg against dilute buffer (Fig# 39)* The enzyme activity was 
almost entirely confined to the bundle sheath chloroplasts fraction 
(Table VIII)* The reasons for this observation may be twofold)
a) the phosphorylase from the bundle sheath chloroplasts may 
be stabilised by adsorption on to the starch grains during the 
isolation procedure, whereas in the mesophyll organelles there 
is no starch and the labile phosphorylase may be destroyed*
b) it may be that the mesophyll chloroplasts do not normally 
contain phosphorylase because it is not normally required for 
starch phosphorolysis in these organelles*
Although phosphorolysis activity of the enzyme was not actually 
demonstrated it was assumed that ^  vivo the enzyme is responsible for 
starch breakdown in the bundle sheath chloroplasts*
The radioactive amylopectin, which was produced on the incubation
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of ^^OgXucose^l-phosphate with amylopectin and soluble enzyme from 
bundle sheath chloroplasts, was subjected to the action of salivary
e-amylase and the resulting products were chromatographed in two
14 14 14solvent systems C maltose, C maltotriose and some C-labelled
long chain oligosaccharides were identified* The results of a typical
experiment are shown in Fig* 40. Radioactive glucose was not formed*
These results suggest that the product has a-1,4 glycosidic linkages*
A pH study on the soluble enzyme from bundle sheath chloroplasts . ,
shows that the enzyme has two pH optima, a minor one at pH 4.5 and a  __
major optimum at pH 6*5 (Fig* 41)* All subsequent assay procedures
were carried out at pH 6*5* The enzyme activity was also shown to be
proportional to the concentration of soluble protein in the assay system*
The possibility that phosphorylase was under allosteric control
was also considered. A study of the activity in the presence of various
important metabolites is summarized in Table XII*
All the compounds tested with the exception of MgCl^ were inhibitory*
However, some metabolites, notably ATP, 3-phosphoglycerate and fructose-
6-phosphate, inhibited the enzyme cong>letely* The results suggest that
the activity of the starch phosphorylase from bundle sheath chloroplasts
is controlled by the level of photosynthetic intermediates and products
and that when the plant is photosyntheslsing the enzyme may be inactivated
and hence there is a build-up of starch in these organelles* This is of
interest because AOP-D-glucose pyrbphosphorylase, the allosteric enzyme
which is thought to control the biosynthesis of starch. Is activated by
photosynthetic intermediates such as 3-phosphoglycerate and fructose 6-
phosphate (see Fig. 47), i
The activation of phosphorylase observed with MgCl. is also interesting*
Many of the enzymes concerned in this report are dependent on Mg for
activity# The magnesium ion concentration has already been shown to have
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Fig. 40 Paper chromatographic analysis of the products of a-amylolysis of
14 14
C amylopectin formed from C-glucose 1-phosphate by starch
phosphorylase from bundle sheath chloroplasts.
Standards; G, glucose; M, maltose and M3,*maltotriose.
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Fig. 41 Effect of pH on starch phosphorylase activity
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TABLE XII The effect of photosynthetic metabolites on the
activity of starch phosphorylase from bundle sheath 
chloroplasts
Additions (0.005M Enzyme
final conc.) Activity %
No additions 100
ATP . Q
AD? 25,2
AMP 65.2
ADP-D-glucose 91.0
UDP-D~glucose 24.5
3-PGA 0
Fructose-6-phosphate 16.1
EDTA 53.6
MgClj 150.0
n 50.8
Sucrose 54.2
an effect on the pH optimum and on the Michaelis constants of spinach 
chloroplast ribulose-1,5 diphosphate carboxylase which is the enzyme 
involved in the initial fixation of carbon dioxide by these chloroplasts. 
It is thought that during photosynthesis there is a light induced flow
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of H* and ions in the chloroplast is»lth an influx of protons into 
the thylaKoid* and an acconçjanying efflux of This may raise the
24.
concentration of Mg in the stroma resulting in the activation of the 
carboxylase (109)* It is possible that starch phosphorylase activity 
may be controlled in a similar way during photosynthesis*
Tlie role of the phosphorylase in the bundle sheath chloroplast 
has not yet been clarified* It may be a synthetic or a degradative 
enzyme* W  Fekete has suggested a role for phosphorylases in boÆh the 
breakdown and the synthesis of starch, in Vicia faba cotyledons (ITT, 172) 
and recently (226) it has been shown by polyacrylamide gel electrophoresis 
that leaves of Solanuia tuberosum* Vicia faba, Phaeseolus vulgaris and 
Alluiai cepa have at least two phosphorylase isoenzymes* These isoenzymes 
were also found in potato tubers and it was found that there was a different 
pattern phosphorylases in periods of starch synthesis and starch breakdown 
suggesting that some of the isoenzymes may be involved in starch synthesis 
and others in starch breakdown (226, 227)*
3, ADP»D"glucose pyrophosphorylase
The level of this enzyme is important in the study of starch 
biosynthesis as it is thought that most of the transitory starch bio* 
synthesized by chloroplasts arises from the sugar nucleotide 
glucose (93)* This is believed to be the key enzyme in the control of 
starch biosynthesis in thesercrganelles (153). The ii^ortance of sugar 
nucleotides in the transfer of glucose to a starch primer has been known 
for some time (148) and it has been shown that AD?*glucQse transglocosylase 
from spinach chloroplasts exiiibits an absolute specificity for APP*D* 
glucose as a glucose donor*
In the present study, some difficulty was encountered in demonstrating 
the activity of this enzyme in cane chloroplast preparations but this was 
later overcome by adding a thiol reagent (usually 0*002M cysteine) to all 
extraction and incubation media* The enzyme was first shown to occur in
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» whole leaf peoteia extract and waa assayed by measuring the Incer»
14
poratioa of Ü* C glucose 1*phosphate into ADP*^gluGose after 
separating the radioactive substrate and product by paper chrooiatog«» 
raphy at pH 3.8 (see Pig. 42)# the rate of the reaction waa shown to 
be linear with time for periods w  to 30 minutes (Pig. 43); the specific 
activity of the ADP*g#glucose pyrophosphorylase in sAole leaf protein 
extract was 421nmoles/hr/ag protein. However, when the assay was carried 
out in the presence of 3*phosphoglycerate C3.3a10 the specific activity 
of the enzyme was increased 3*fold#
In further experiments it was shown that low AD?-D*gloco$e pyro* 
phosphorylase activities were present in soluble protein preparations 
derived from mesophyll and bundle sheath chloroplasts separated by the 
aqueous technique (64). The rates of reaction were ahonoi to be linear 
with time for periods up to 30 min. The specific activity of the enzyme 
in bundle sheath chlorcq;>lasts was shown to be P*fold greater than in the 
mesophyll chloroplasts (Table VXII). This is of significance because 
this enzyme la probably rate limiting in starch biosynthesis in the 
chloroplast. Therefore the relatively high level of enzyme in bundle 
sheath chloroplast means that these organelles have a much greater 
capacity to produce starch compared to the mesophyll chloroplasts. The 
specific activity of the enzyme in the bundle sheath chloroplasts was 
9.3nmoiesÀr/ag protein tdiich was quite low compared to that in the wliole 
leaf protein (table Bill). This suggested that either much of the enzyme 
activity was lost from the chloroplast during aqueous extraction or that 
the enzyme is not completely bound in the organelle in vivo.
In order to clarify this situation the non*aqueoua separation 
method of Slack (61) was used to prepare the chloroplasts prior to the 
reinvestigation of the distribution of enzymes in the organelles. The 
results of these experiments are shown in fig. 44. Hne leaves of sugar
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Fig. 42 ADP-D-glucose pyrophosphorylase assay: separation of[u-^^c]
glucose 1-phosphate and ADP-j^'^C^D-glucose by paper . 
chromatography in pH 3.8 solvent.
6 00  -
nmoles glucose 
1-phosphate converted 
to ADP-D-glucose 
per mg. protein
4 0 0  -
200 -
min
Fig. 43 ADP-D-glucose pyrophosphorylase activity in whole leaf
protein extract. In presence of 3-PGA (3.3mM) •--- #.
In absence of 3-PGA o o.
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TABLE XIII ADP«"D-glucoa@ pyrophosphorylase activity In
sugar cane leaves
Additions and omissions to 
basic incubation mixture
^ecific activity in nMoles/hr/mg 
protein
Non-aqueous fraction 
G >1*40
VJhoie leaf
protein
fraction
None 180 421
3-phosphoglycerate (3,3mM) 701
Fructose 6-phosphate (3*3mM) 782
-MgCl^ (20mM) 1 1
Malate (3.3mM) 178 •
Aspartate (3,3mM) 183
cane %#ere harvested after a 6hr illumination period to ensure that the 
bundle sheath chloroplasts were filled with starch. The starch increases 
the density of the bundle sheath chloroplasts so that they are more 
readily sedimented when centrifuged through a medium of density >»1.40*
The mesophyll chloroplasts, on the other hand, have a density generally less 
than 1.30 and remain suspended in the medium during centrifugation. Most 
of the ADP'^ D-glucose pyrophosphorylase activity was associated with the 
fraction with a density >'1.40* The distribution of chlorophyll has the 
usual pattern which was obtained by Slack for Zea mays (61). The 
chlorophyll was equally distributed between the light and heavy fractions 
(Fig. 29).
When this procedure was repeated using leaves that had previously 
destarched by keeping them In the dark for 12 hr., the enzyme activity
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c
was found to be associated mainly with the fraction of density less
than 1.30 (Fig.44)# Much of the chlorophyll was also found to be
associated with the fraction (Pig.29). The results of this expttintent
suggest that most of the ADP-D-glucose pyrophosphorylase is associated
with the starch storing, bundle sheath organelles# The specific activity
of this fraction was ISOn^^Al^mg protein (Table XXII). This was 20 times
the specific activity which was obtained from the bundle sheath chloroplasts
isolated by the aqueous technique# These results tend to support the
view that isolation of chloroplasts by the non-aqueous technique leads
to the retention of the soluble protein from the chloroplast stroma (63).
The other possibility is that the enzyme ^ is more stable idien the organelles
are isolated in non-aqueous conditions than when the chloroplasts are
isolated under aqueous conditions#
~ The enzyme activity was shown to be linear for times up to 30 min
and the enzyme activity was found to be proportional to protein concern-
tration for each assay.
r 14 1
The ADP-[b- Cj D-glucose produced by the bundle sheath enzyme was 
eluted from the chromatography paper and further characterized by paper 
electrophoresis (Pig# 43).
The requirement of the enzyme for magnesium ions was tested for 
by comparing rate of formation of ADP-D-glucose in the incubation mixture 
in the presence and absence of magnesium chloride (20mM)« There was no 
ADP-D-glucose pyrophosphorylase activity in the absence of Mg (Fig. 46).
Ghosh and Preiss (96) have found that ADP-D-glucose pyrophosphory­
lase from spinach leaf chloroplasts is an allosteric enzyme which is 
regulated by the levels of photosynthetic metabolites occurring in the 
chloroplasts, for exaa^ le, by 3-phosphoglycerate Wiich is the primary 
product of photosynthesis of Calvin cycle plants# la the present study, 
it was of interest to test if the enzyme derived from the bundle sheath
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Fig. 45 Electrophoretic characterization of ADP-^"^cj-D-glucose produced by 
ADP-D-glucose pyrophosphorylase from a non-aqueous bundle sheath 
f raction.
Standards: A=ADP-D-glucose (R =0.67) U=UDP-D-glucose (R = 1.0)- p _ p
G=glucose 1-phosphate (R^= 0.81)
ADP-D-glucose 10 - 
pyrophosphorylase 
activity(nmoles/ 
hr/rag protein)
2010 MgCl2 (mM )
Fig. 46 Effect of MgCl^ on bundle sheath chloroplast ADP-D-glucose 
pyrophosphorylase activity.
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chloroplasts of sugar cane was ait allosteric enzyme which was regulated 
in the same way as that from other sources although the primary photo# 
synthetic products of sugar cane are malate, aspartate and oxaloacetate 
and not 3-phosphoglycerate.
Table Xl11 shows the activation of the bundle sheath ADP-D-glucose 
pyrophosphorylase by 3-phosphoglycerate and by fructose 6-*
phosphate (3»3mM) but not by malate and aspartate. These results suggest 
that the enzyme from this source has allosteric properties and that it 
can be regulated by the key metabolites of photosynthesis of the Calvin 
cycle but is not regulated by primary products of the HSK pathway of 
carbon dioxide fixation. It is interesting to note that ADE-D-glucose 
pyrophosphorylase from Zea mays (also a HSX plant) is activated by 3-PGA 
but not by malate, aspartate or oxaloacetate (94).
It was found that the enzyme, which was derived from sugar cane 
bundle sheath chloroplasts isolated by the non-aqueous technique, was 
activated by increasing levels of 3-PGA (Fig. 47). An activation of 
fold was observed in the presence of lOOmM 3-PGA. The concentration of 
3-PGA required for the half maximal stimulation of ADP-D-glucose synthesis 
was 15mM which Is high compared to the values obtained by Sanwal ejE al (94) 
using the enzyme derived from whole leaf extracts of Calvin cycle plants 
such as barley, rice, tobacco, tomato, sugar beet and kidney beet. This 
suggests that ADP-D-glucose pyrophosphorylase from cane is less sensitive 
to increasing 3-PGA concentration than the enzyme from Calvin cycle plants. 
It was interesting to note that Sanwal ^  aJ (94) tested the enzyme from 
sorghum (a HSK plant) and found that it was the least sensitive to 3-PGA 
activation.
Increasing the inorganic phosphate concentration had the effect of 
reversing the activation by 3-PGA. At a level of Om4n^ 4 inorganic phosphate 
the maximal activation by 3-PGA was 7-fold and at t.2mM inorganic phosphate
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Fig. 47 Allosteric regulation of sugar cane ADP-D-glucose 
pyrophosphorylase by 3-PGA
o— o In the absence of P^
X— K In the presence of P^ (0.4mM) 
In the presence of P^  ^ (1.2mM)
140
the maxi«ai activâtionîjby 3-PGA was 5-fold (Fig. 47)* This result Is 
limilar to the observations of Sanwal et ^  (94) on ADP-D-glucose pyro­
phosphorylase obtained from Calvin cycle plants in which the activation by 
3-PGA was reversed by inorganic phosphate at concentrations of 
Again it was interesting to note that sorghum was least sensitive to 
inorganic phosphate inhibition and was comparable to sugar cane in this 
respect.
3. ADP-D-glucose transglucosylase
This is the enzyme which is thought to be involved in the biosynthesis 
of starch from ADP-D-glucose in chloroplasts. It requires an a-1,4-glucan 
as a primer and the reaction is as followss-
ADP-D-Glucose ♦ o-D-Glc 1-p4D-GiC H-^4D Glc
ADP ♦ o-D-Glc 1— ►4D-G1C 1_|_4D-Glc 1 -LaD-Glca u l a J n »
In this investigation the substrate used for the enzyme assay was 
ADP- ^glucose which was prepared using the enzyme ADP-D-glucose
pyrophosphorylase which had previously been isolated from a non-aqueous bundle 
sheath chloroplast fraction from sugar cane. The substrate was made by a 
large scale incubation of glucose-1-pfhosphate and ATP as described in
the Expérimental section p. 191, The ADP-[d^^ c] D-glucose produced was 
separated from the [u^ ^cj-glucose-l-phosphate and the ATP by preparative 
paper chromatography.
AIW-D-glucose transglucosylase was susceptible to inactivation by 
phenolic conq^ ounds which were released when sugar cane leaves were macerated 
in aqueous extraction media and initial e]q>eriments to demonstrate the 
presence of the enzyme were unsuccessful. Further studies showed that the 
enzyme could be protected by adding tbioglycollate (0.001M) to the media 
Used in the isolation and separation of the chloroplasts and glutathione 
(O.OOtM) to the enzyme assay medium.
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An examination of the water-soluble enzyme from the two types of 
cane organelle isolated by the aqueous method showed rather unexpectedly 
that the specific activity of the enzyme from mesophyll chloroplast was 
4 times that of the enzyme from the starch containing bundle sheath 
chloroplasts (Table VIII). It was considered that the difference might 
be due to the fact that the enzyme from the latter source was bound to 
chloroplast starch grains. However» treatment of the bundle sheath 
chloroplasts with Triton X-100 did not liberate additional activity 
although the yield of thetransglucosylase from the mesophyll chloroplasts 
was increased by extraction with the detergent (Fig, 48),
With the enzyme derived from both types of chloroplast the reaction
[ÎI4^ *1cJ
amylopectin in the digests decreased. This may have resulted from the 
inactivation of the labile transglucosylase coupled with the presence of ' 
other enzymes in the preparation, e.g. a-amylase^which degrade starch.
However, it should be noted that at the pH used In these experiments (8,4) 
one would not expect degradative enzymes to be very active,
A further comparison of ADP-D-glucose transglucosylase activity in 
the two types of chloroplast was made by incubating intact organelles with 
ADP-L cJ D-glucose (Pig, 49), This was carried out in an endeavour to 
overcome possible anomalies resulting from the existence of starch and/or 
membrane bound enzyme which could conceivably remain insoluble in aqueous 
buffer and in Triton X-100 solution or be destroyed by the latter. In this 
case the specific activities of the enzyme from the two sources were 
similar (Table VIII).
The nature of the P^ c] amylopectin synthesised by the soluble enzymes 
from bundle sheath and mesophyll chloroplast was investigated. Acid 
hydrolysis of the samples in HIKIl at 100^  for 30 min yielded only P^ c] 
glucose. Enzymic hydrolysis by salivary n-amylase gave P^c]maltose and
maltotriose which were identified by paper chromatography in two solvent 
systems (Pig, 50).
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Fig. 48. Soluble ADP-D-glucose:starch transglucosylase activity in
(a) mesophyll chloroplasts •— • (b) bundle sheath chloroplasts o— o
(c) Triton X-100-soluble activity in mesophyll chloroplasts x— x
nMoles
ADP-D-glucose 
incorporated into 
amylopectin/mg 
protein
8
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Fig. 49. Chloroplast bound ADP-D-glucose starch transglucosylase activity.
(a) mesophyll «— • (b) bundle sheath o— o (c) UDP-D-glucose starçh
_____________transpdnrnsvlasA activity in .game fractions X X _________ _ ________
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Fig. 50. Paper chromatographic analysis of the a-amylolysis products of the 
[^^C] amylopectin formed by (a) mesophyll chloroplast soluble ADP-p- 
glucose starch transglucosylase o— o (b) bundle sheath chloroplast 
soluble ADP-D-glucose starch transglucosylase •— #
Standards: M3 = maltotriose, M = Maltose, G = glucose.
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Att«c^tâ to detect UDP«g»gXttcoee transgiucoeyXese ueiiig both intact 
bundle sheath and mesophyll chloroplasts a W  the soluble extracts from these 
organelles were unsuccessful (e.g. Fig. 49), This was expected as previous 
observations (149,153) had shown that it Is the adenine sugar nucleotide 
rather than the uridine derivative which is the major substrate for starch 
synthesis by chloroplasts*
The results of huber et (74) show that both A&F^^glucose* and 
#P-^glucos0# transglucosyiases are present in bundle sheath chloroplasts 
of Zea mays, but the levels of the ensymes in mes^hyll chloroplasts are 
very small. These workers suggest that the bundle sheath chloroplast is a 
modified type of amyl<^last such as occurs in iion-photosynthetic tissues 
and has the ability to biosynthesise starch from ADF*g*glucose and 
glucose. The situation is, therefore, different in maise and sugar cane In 
that in the latter species A0P«»^ glttcose transglucosylase is present in 
both types of chloroplast but there is very little bDF^g-glucose trans* 
glucoaylase activity in either type of organelle. The data obtained with 
sugar Cane suggest that the bundle sheath chloroplast is not a wWified 
smyloplast, as in maiae, but is similar to spinach leaf organelles vdiich 
use only ABP#"g~glucose in the biosynthesis of transitory starch (95), It 
is interesting to note at this point that in a study of the development 
of the dimorphic chloroplast of sugar cane laetsch has concluded that the 
two types of chloroplast develop from identical proplastids and that the 
structure of the specialised bundle sheath chloroplast arises by a 
reduction process $d&ich involves loss of graisa (50,51),
men A%%P'^ D»glucose transglucosylase was examined In intact cane 
chloroplasts similar specific activities were observed in the case of bundle 
sheath and mesophyll chloroplasts (Table VIII), these values cannot be 
directly compared to the specific activities of the soluble AI#-g"glucose 
transglucosylase lit Table VIII as the former are based on the total chloroplast
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protein and the latter on soluble protein in the enzyme fractions* It is 
apparent, however, that both types of cane chloroplast are capable of starch 
synthesis from ADP-D^glucose and under some conditions (e.g* inhibition of 
translocation or prolonged illumination (225)) both types of chloroplast 
have been observed to store starch. The difference between the two types 
of chloroplast is, in fact, their ability to synthesize ADP-D-glucose from 
glucose-1-phosphate* The low level of ADPkD-glucose pyrophosphorylase which 
occurs in the mesophyll chloroplasts suggests that very little ADP-D-glucose 
is available for starch synthesis in these organelles* Huber et al (74) 
have also found a low level of ADP-D-glucose pyrophosphorylase in the 
mesophyll chloroplasts of Zea mays. In the bundle sheath chloroplasts from 
both sugar cane and maize there is a much higher level of this enzyme which 
means that more ADP-D-glucose is presumably available as a substrate for 
starch synthesis which results in the relatively large scale deposition of 
starch*
The low levels of UDP-D-glucose transglucosylase in the two types of 
chloroplast probably mean that UDP-D-glucose is not an important substrate 
for the biosynthesis of starch in either organelle*
In conclusion, it is apparent that ADP-D-glucose pyrophosphorylase 
and not the ADP-D-glucose transglucosylase is the limiting factor in the 
biosynthesis of cane starch* Triose and hexose phosphates produced by photo- 
lynthesis are able to control the activity of the ADP-D-glucose pyrophosphory­
lase and hence the sites of synthesis of starch from hexose phosphates by the 
bundle sheath chloroplasts.
In preliminary studies an attempt was made to test cane chloroplasts 
for both enzymes simultaneously by assaying the incorporation of [u^ c^] glucose- 
1-phosphate into starch in the presence and absence of ATP and UTP using a 
whole chloroplast preparation from cane as an enzyme source. The purpose of 
the eaiperiment was to determine the relative contributions of ADP-D-glucose
1#
and UDP-D-glucose to starch biosynthesis. The observed results %#ere rather 
%me#ected (Table XIV),
TABU XIV, Synthesis of starch from glucose -■t-phosphste by a
whole chloroplast préparation
IWcleotide added Incorporation (c,p,m,)
. \   ^ ' : pH of assay 7,3
pH of assay 
8,4
îtone 1,733 1,531
UTP 705 715
ATP 55$ 0
The leaves were destarched by keeping the plant in the dark 
before the isolation of the chloroplasts by the technique 
described in the Bq>erimental Section (p*192). The chloroplast 
preparation was incubated with glucose 1-phosphate in the
presence of soluble starch*
The substantial incorporation of label in the absence of nucleotides 
presumably results from starch phosphorylase activity, However, upon addition 
of UTP and ATF this incorporation was diminished and not increased as was 
expected. These inhibitions occur at both pH 7*5, the pH optimum of the 
pyrophosphorylase enzyme and at pH @*4 (100% inhibition with ATP) the pH 
^ptimm of the transglucosylase enzyme. This was probably inhibition of 
starch phosphorylase by nucleotides Wiich was found when this enzyme was 
examined (Table Xll),
Tlierefore, it was not possible to show that starch is biosynthesized 
via ADP-g-glucose by this technique in view of the overshadowing effect of
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thé phésphorfiésé« Thi« is in contradiGtion té thé jtindihgs éf Koeiuté 
et si (156) whé tspotted that AT9 enhancsd thé iiiGotpofatioit of 
glticosé«*1«>phosphaté iéto statch using isolated sice chlofoplasts*
0* Suctosé Metabolism
It ii genetally accepted that the sugar nucleotide involved in 
starch synthesis in chloroplasta is ADF^^glticose and that (mP-g*glucose 
is mainly concerned with sucrose metabolism (88), the major pathways for 
the biosynthesis and degradation of sucrose by chloroplasta are as follows#
Sucrose 6-phosphate
Fructose 6-phosphate
(3)'
(1)
glucose 1-phosphate =7 UDP-gkgiucose
‘ (2) 
Fructose
^  Sucrose
Fig. 51, the major pathways in the biosynthesis and degradation 
of starch. Key to enzymes involved#
(1) UDP-D-glucoae pyrophosphorylase
(2) Sucrose synthetase
(3) Sucrose 6*-phosphate synthetase
(4) Sucrose 6*-phosphatase
In the presence study atteapts have been made to demonstrate and 
assay the enzymes# in the above scheme# in the two types of chloroplast 
from sugar cane* Previous studies have shown that the reaction catalysed 
by sucrose synthetase from sugar cane leaves is freely reversible (121) and 
that the leaves of this plant also contain high levels of sucrose phosphate 
Synthetase and sucrose phosphatase (123), It is widely believed that sucrose
y _ i 148
iynthesis occurs vis sucrose phosphate and that sucrose synthetase is the 
ensyme responsible for the breakdown of sucrose* however# it is possible 
that the latter enzyme is also involved in sucrose biosynthesla Wien the 
plant is photosynthesiring and there is a high level of sugar nucleotides 
present in the chloroplast,
1, UDP-B-glucose pyrophosphorylase
Att«Bpts %#ere made to assay this enzyme by measuring the rate of 
breakdown of bbP-B-glucose to glucose 1-pWsphate using cane leaf soluble 
protein as a source of enzyme. However# it was observed that the rate at 
which glucose 1-phosphate appeared was less than the rate at which UDP-g- 
glucose was broken down (Fig, 52), The reason for this was probably the 
presence of a phosphatase which hydrolysed the glucose 1-pho^hate as it 
was formed* This assay procedure was not adopted for general use. Instead# 
this enzyme was assayed by measuring the incorporation of lî-^ C glucose 1- 
phosphate into lïDF-U-^ '^ C g-glucose in the presence of UTF and separating the 
radioactive comgionents by paper chromatography (Fig* 53c.)* The bDF-D-glucose 
formed was eluted from the paper and further identified by paper electro­
phoresis (Fig, 54),
The initial rate of the reaction catalysed by UDP-D#glucose pyrophos­
phorylase# in a tdiole leaf soluble protein fraction i&m cane# was found to 
be linear. %C1^ (lOmM) was required for maximal enzyme activity (Fig. 55), 
The level of the enzyme in this fraction was found to be 10.36 jaaoles/hr/rag 
which was 25 times the activity of ADP-g-glucoae pyrophosphorylase in the 
tame fraction (Table Kill), From the result it is probable that very much 
sore UI^-D-glucose than ADP-B-glucose is produced by the leaf. This is of 
interest in view of the fact that sugar cane synthesizes large quantities of 
tttcrose in the leaf and iiwnt translocates it to the stem Where it is stored 
(36). The ratios of tîDP-P-glucose pyrophosphorylase to ADF-g-glucose pyro- 
phosphorylasc activity in the bundle sheath chloroplasta isolated by aqueous
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Fig. 52. UDP-D-glucose pyrophosphorylase assay - showing discrepancy 
between rate of substrate utilization and rate of appearance 
of product. Rates in the absence of MgCl^ (o)
cpm 120 
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Fig. 53. YgP-D-glucose pyrophosphorylase; Separation of UDP- C D-glucose and
a) after incubation with whole leaf soluble protein for 60 min o— o
b) boiled enzyme blank o— o
Standards: U = UDP-D-glucose G = glucose 1-phosphate
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Fig. 54.
CD ®  GD
Characterization of UDP-D-glucose, produced by whole leaf UDP-D- 
glucose pyrophosphorylase, by electrophoresis in ammonium formate 
buffer,pH 3.8. Standards: A = ADP-D-glucose, U = UDP-D-glucose, 
G = glucose 1-phosphate
Specific activity 
(pmoles UDPG 
synthesised/hr 
pg protein)
MgCl (mM)
Fig. 55. Effect of MgCl^ concentration on whole leaf UDP-g-glucose 
pyrophosphorylase activity
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mmd non^&queous technique* were lOil and 23i1 respectively. It ia 
apparent fro» these results that in the aqueous fraction activity ia 
l&at in the case of both pyrophosphorylase* and particularly 
glucose pyrophosphorylase. This may be due to different solubilities 
in the extracting medium or it is possible that some of the 
glucose pyrophosphorylase is extra#<hloroplastic# possibly associated 
with cell mall fragments which are sedimented during the preparation 
of bundle sheath chloroplast* by the non«aqueous method.Such fragments 
do not occur to any great extent when the aqueous procedure is used.
The activities of UDP-g^glucose pyrophosphorylase in the bundle 
sheath and aesophyll chloroplast* were coBg>ared, Tlie organelles were 
isolated and separated by the aqueous technique (64), The soluble protein 
was extracted by the usual siethod and the product of the reaction was then 
identified by paper chromatography and paper electrophoresis. The rate of 
the reaction was linear for up to 30 min with the ensyme from both types 
of chloroplast. The specific activities of the preparations were found 
to be 93.@ nmoles/hr/mg protein in the bundle sheath chloroplasta and 
11,4 nmoles/hr/mg protein in the mesophyll chloroplast*. Huber et al (74) 
obtained values of the same order (139,0 and 22,9 respectively) for 
separated chloroplast* fi<m Zea mays. These results suggest that if 
^glucose pyr<%)hosphoryla*e is a rate determining step in the biosynthesis 
of sucrose then the rate of sucrose synthesis by the bundle sheath 
chloroplasta is greater than that by the mesophyll chloroplast*. However  ^
this ensyme in cane chloroplast* is not subject to the same control mechanism 
as AD?#gmgluco*e pyrophosphorylase a* it i* not activated by 3^ PGA.
(Table XV),
Slack et al (62) have found that in Zea may* when leave* are eiq^ osed 
to CO^ t most of the radioactive hexose phosphates are associated with 
bundle sheath chloroplast*. Although both types of chloroplast can
TABLE XV.
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ÜDP*ï>-glucose pyrophosphorylase activity ia sugar caae leaves.
(nMoles/hr/mg protein)
Additions or 
omissions from 
basic incubation 
mixture
Aqueous
fraction
Non-aqueous 
fraction 
ip> 1.40)
Whole leaf 
soluble protein 
fraction
None 93.0 . 4,480 10,360
3-POA (3,3mM> 92.5 4,360
-MgClg (lOmM) 0.1 1 2
hiosyathesise sucrose,the low level of UDP-D-glucose pyrophosphorylase 
together with the low level of hexose phosphate in the mesophyll chloroplasta 
presumably means that very little sucrose synthesis takes place in this type 
of organelle in cong>arison to the level of synthesis in the bundle sheath 
chloroplast.
2. Sucrose phosphate synthetase
This enayme was assayed by measuring the incorporation of glucose 
from UDP- U C D-glucose into sucrose before and after treatment with alkalinea '
phosphatase. The assay described was based on the method of Hawker (123) but 
labelled UDP^D-glucose had to be used instead of U C fructose 6-phosphate 
as the latter was not available. Hawker had shown the presence of sucrose 
phosphate synthetase in sugar cane leaves and that the activity of this ensyme 
was comparable to that of sucrose synthetase. When this study was repeated 
using the modified procedure very low levels of sucrose phosphate synthetase 
were found in the whole cane leaf protein fraction. The rates of reaction 
were also measured using the soluble protein fractions from bundle sheath
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and mesophyll chloroplasts prepared by the aqueous technique (Fig* 56)*
In these cases the synthetase activities were higher but in the case of 
the bundle sheath chloroplast ensyme the reaction was only linear for a 
short period of time and considerably breakdown of the sucrose phosphate 
product occurred, these results may have been due to the presence of 
sucrose phosphatase and invertase in the pr^arations. the breakdown of 
the product made it difficult to determine the exact specific activity 
of the ensyme in bundle sheath chloroplast*. However, the specific 
activity of the mesophyll chloroplast ensyme was determined and shown 
to be of a similar level to that of sucrose synthetase in the same type 
of organelle (Table VXll). This agrees with the results of Ha%#ker (123) 
reported above.
A study was also smde of the sucrose phosphate synthetase in 
chloroplasta prepared by the non-aqueous technique from actively photo- 
synthesising leaves (Fig* 57). Again most of the synthetase activity 
appeared to be present in the bundle sheath chloroplast fraction ( > 1*40). 
However, there was also appreciable enzyme activity associated with 
mesophyll fractions of densities < 1.30 and 1*30-1.33. This is in 
contrast to the distribution of ADP-D-glucose pyrophosphorylase in the 
same fractions (see Fig. 44). The latter enzyme appears to be mainly 
localized in the bundle sheath fraction* When destarched leaves were 
used for the pr^aration of the non-aqueous fractions then most of the 
sucrose phosphate synthetase activity was associated with the less dense 
fraction*.
Hence, sucrose phosphate synthetase in cane leaves is sM»arently 
distributed between both mesophyll and bundle sheath chloroplasta.
Haq and Hassid (122) had previously shown the presence of the enzyme in 
a sugar cane chloroplast preparation which, from the method of pr^aration, 
must have consisted largely of mesophyll organelles#
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Fig. 56. Sucrose phosphate synthetase activity in soluble protein extracts 
of bundle sheath (•— #) and mesophyll chloroplasts (o— o). Some 
sucrose was formed in the reaction before addition of alkaline 
phosphatase to the bundle sheath (4— 1) and mesophyll (A— A) 
incubations.
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TheixQportance of sucrose phosphate synthetase has been discussed 
by Preisa and Greenberg (124)* They found that the enzyme from wheatgerm 
exhibited sigmoidal kinetics normally associated with allostery and was 
activated by UDP*D-glucose, fructose 6«^ phosphate and Mg * It is not 
known whether the synthetase from sugar cane (or any other photosynthetic 
tissue) is allosterlc in nature; if it is however* the rapid rate of 
sucrose synthesis in cane in the light may well be the result of high 
levels of UDP-D-glucose and fructose 6-phosphate which serve as substrates 
and positive effectors of synthetase*
3» Sucrose phosphatase
This enzyme was not assayed directly because the substrate# sucrose 
6*-phosphate, was not available* It has previously been shown to occur in 
sugar cane leaves in sufficient quantity to account for all sucrose 
biosynthesis to occur via sucrose 6'-phosphate (128), The sucrose phos* 
phatase reaction is particularly irreversible so that by hydrolysing the 
sucrose 6'-phosphate as soon as it is iGtmed it makes the sucrose-phosphate 
synthetase step irreversible^ ^
The only evidence for the occurrence of the enzyme in the bundle 
sheath and mesophyll chloroplasts from sugar cane which was obtained in 
the present study is indirect; during the assay of sucrose phosphate 
synthetase some sucrose was observed to be formed before treatment with 
alkaline phosphatase (Fig* 58), Hawker (128) was unable to show the 
presence of sucrose phosphatase in sugar cane chloroplasts but he did 
show that the enzyme from whole leaf preparation was inhibited by sucrose 
but not by glucose or fructose and he suggests that this may be a con­
trolling factor in the biosynthesis of sucrose*
4, Sucrose synthetase
This enzyme was first reported to occur in a vdiole leaf preparation 
of sugar cane by Frydman and Hassid in 1963 (121)* They also showed the
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Fig. 58a. Sucrose synthetase activity in whole leaf protein: separation of
UDP-D-glucose and sucrose in solvent 6:4:3, a) after Ihr incubation 
b) after Ihr incubation with boiled enzyme (o— o) (•— •)
Standards: U = UDP-D-glucose S = Sucrose
cp m  
X 10®
i ll sucrose 2
30 60
min
Fig. 58b. Sucrose synthetase activity in whole leaf protein : effect of protein 
content of assay on enzyme activity 4.7pg protein) (o— o;
2.35p,g protein)
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pfegeace af th« enzyme in a whole gugar cane chloroplaat fraction*
In order to assay the synthetase, using ÜDP-# g -glucose 
and fructose a paper chromatographic method of separating labelled 
sugar nucleotide and product was developed (see Experimental section, 
p,l94). The Identity of the sucrose produced in these reactions was 
confimsd by paper chromatography in two further solvent systems before 
and after treatment with invertase*
The rate of the reaction was shown to be linear for up to 60 min 
and was proportional to enzyme concentration (fig* 58)* It was found 
that hr'thiol reagent was required to ensure the retention of synthetase 
in solution* Hence cysteine (0*00#) was added to all extraction and 
incubation media# The zpeçifiç activity of a idiole protein fraction was 
found to be 11*94 pmoles/hr/ng protein* This was the most active of all 
the enzymes found in sugar, cane leaf tissues*
The enzyme was assayed in soluble protein fractions from mesophyll 
and bundle sheath chloroplasts that had been separated by the aqueous 
technique* Pig* 59 gives a rate/time curve for the reactions* The 
specific activities of the enzymes from bundle sheath and mesophyll 
chloroplasts were 4*81 and 5*93 pmoles/hr/mg protein, respectively, and 
only slightly less than the specific activity of the enzymes from whole 
leaf protein* This suggests that the enzymes is localized almost entirely 
in the chloroplasts and that little of the synthetase is lost in the 
extraction procedure* The high levels of activity obtained may suggest 
that the enzyme is membrane bound in the chloroplast and is released on 
homogenization in dilute buffer, Delmeæ and Albersheim (126) have found 
that sucrose synthetase from Phaeseolus aureus exists as a particle with 
a molecular weight of 10^  and may contain as much as 36% lipid and hence 
may be membrane bound in vivo* However, they found very little activity 
in the chloroplasts which contradicts the results presented in this thesis
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jjDioles sucrose  
synthesised/mg 
protein
6
3
30 60
min
-pmoles sucrose 
synthesised/mg 
protein
5.0r
30 60min
Fig. 59. Sucrose synthetase activity in soluble protein from: a) bundle
sheath, b) mesophyll chloroplasts isolated by the aqueous technique
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mâ «tudiea by others working with sugar cane (121, 122) and tobacco (93)$ 
The reported lack of enzymic activity in Phaeseolus aureus may be due to 
the fact that this enzyme may be denatured during the isolation procedure* 
these workers did not protect the enzyme with a thiol reagent during the 
isolation of the organelles although such compounds were used during the 
extraction of the synthetase from whole leaf tissues» Ruber al (74) 
also failed to show the presence of sucrose synthetase in separated 
chloroplasts from Zea mays and this again may have been due to their 
failure to add a protective thiol reagent#
It seems certain that sugar cane sucrose synthetase is chloroplast 
bound and as such it presumably plays an ingjortant part in the metabolism 
of sucrose* It is probable that when sucrose is being formed by the 
chloroplasts at a rate faster than it can be translocated from the site 
of synthesis that sucrose synthetase then acts and converts the disaccha* 
ride to sugar nucleotides# Both ADP-D-glucose and DDP-D-glucose produced 
by this reactions the latter can be converted to ADP-D-glucose by the 
action of DDP-ü-glucose and ADP-D-glucose pyrophosphorylase (see Pig* 60). 
ADP-D-glucose can then serve as a precursor for transitory starch, 
particularly in the case of bundle sheath chloroplasts* In this connection, 
it should be noted that Delmer and Albertshelm (126) have purified 
preparations of sucrose synthetase and DDP-D-glucose pyrophosphorylase 
mixed them together cin the proportions found in cell extracts with 
sucrose and shown that glucose 1-phosphate is formed in the presence of 
DDP and PPl*
In sugar cane, the fructose formed by reversed sucrose synthetase 
activity is probably phosphorylated to fructose 6-phosphate and then also 
used in the biosynthesis of starch. When the plant is not photosynthesising 
the chloroplasts can probably mobilize starch by conversion to hexose 
phosphates and sugar nucleotides which can then be used for the biosynthesis 
of starch for translocation.
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5» Invert&ae
The pte»enc« pi this enzyme (0 fructofuranoeidase) in eugar 
eane leaf wae detected by Alexander (182) but it warn found that the 
enzyme activity waa only small compared to that of amylase*
In the present study both neutral and acid invertase activities 
were examined and found to be very low in both the mesophyll and bundle 
sheath chloroplast fractions (Pig# 61), Acid invertase activity in 
both type of organelles was 100% greater than that of the neutral 
component* There have been no previous reports of invertase activity 
associated with chloroplasts from any plant species# Bird et al (93) 
claimed that Invertase was not present in non-aqueous chloroplast 
fractions from tobacco leaves. It is therefore possible that invertase 
detected in cane chloroplasts is not in fact localized in the organelles 
but arises from cytoplasmic contamination during the isolation procedure*
If the sugar cane chloroplasts contain invertase it is probable 
that it plays only a minor role in the breakdown of sucrose because of 
the very low activity present. It must be assumed that the major sucrose 
degrading enzyme is sucrose synthetase idiich forms tlBP-jg-glucose and 
fructose fro* sucrose and \SW* This results in conservation of the 
energy of the glycosidic linkage of sucrose in the form of BDP-g-glucose,
6* Pyrophosphatase
This is an enzyme which is not specifically linked to either 
sucrose or starch metabolism but it is involved in the interconversion 
of these two carbohydrates and may also control the rate at WULch they 
are biosynthesized. It is also of importance in the proposed pathway 
for CO^ fixation in HSk plants* A key enzyme in this pathwayt pyruvate; 
phosphate dikinasc^can produce sufficient phosphoenol pyruvate to maintain 
the observed rate of €0^ fixation if the products of the reactions, AMP 
and ffi are removed rapidly. The leaf contains a large amount of
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nmoles sucrose
hydrolysed/rag
protein
min
Fig. 61. a) acid invertase and b) neutral invertase activity associated
■with soluble protein frora.i,bundle sheath chloroplasts (•— ®) and 
ii, mesophyll chloroplasts (o— o)
pmoles Pi
released/mg
protein
min
Fig. 62. Pyrophosphatase activity in soluble protein fraction from
a) mesophyll chloroplasts o— o and b) bundle sheath chloroplasts
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kin&a* to remove the AMP (22) en4 Bucke (108) has shomm that 
there ie a pyrophosphate in sugar cane which is at least partially 
chloroplast hound*
In this study the presence of the ensyme in sugar cane leaves 
was also demonstrated* However» the level of the ensyme (2.33 pmoles/ 
hr/%ng protein) in leaf homogenates appeared to be lower than that observed 
by Bucke (108)# There have been suggestions that a high level of pyro­
phosphatase is confined to HSK plants but Bucke has shown that the tissues 
of Calvin cycle plants also possess high levels of the ensyme.
The levels of ensyme associated with the bundle sheath (103 pmoles/ 
ht/mg protein) and the mesophyll (206 pmoles/hr/mg protein) chloroplasts 
(Pig. 62) appeared to be of the same order of magnitude as those obtained 
by Bucke from a whole chloroplast preparation from sugar cane#
The levels of pyrophosphatase are probably of iog>ortance in the 
synthesis of both starch and sucrose from hexose phosphates in both types 
of chloroplast. Two of the enzymes involved, ADP-D-glucose pyrophosphory­
lase and DDP-D-glucose pyrophosphorylase, both have BPi as one of their 
products or substrates* hmoval of BPi from the system as it is formed 
by the pyrophosphatase would encourage the formation of sugar nucleotides 
from glucose 1-phosphate and hence also starch and sucrose.
The pyrophosphatase from sugar cane has been shown to be 
dependent# Bucke (103) suggests tWd the enzyme may be activated during 
photosynthesis when ions are *pumped* from the thylakolds into the 
stroma and deactivated in the dark vdien the reverse process occurs. This 
may be a factor contributory to the fall off in starch synthesis during 
periods of darkness as lack of Mg would produce a direct inhibition of 
the stromal ADB-D-glucose pyrophosphorylase and indirectly inhibit the 
enzyme by allowing a build up of BPi.
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Cm The role of bundle sheath and mesophyll chloroplasts la starch
and sucrose metabolism 
The possible relationship between the enzymes of starch and 
sucrose metabolism in sugar cane leaves is given in Big. 63. This 
is a modification of the scheme originally suggested by De Fekete 
and Cardini in 1964 (228) to account for the conversion of sucrose 
to starch by an enzyme preparation from corn endosperm. The evidence 
supporting the pathways shown in Fig. 63 is firstly that all the 
participating enzymes could be detected in cane leaf preparations.
The bundle sheath chloroplasts seem to have the full complement of 
enzymes necessary for the interconversion of starch and sucrose whereas 
mesophyll chloroplasts appear to possess enzymes mainly involved in 
sucrose metabolism. 1%e enzymes involved In the regulation of starch 
metabolism, ADF-^glucose pyrophosphorylase and starch phosphorylsse, 
are present only at very low levels in the mesophyll chloroplasts so 
it can be assumed that the latter organelles are mainly concerned with 
sucrose metabolism whereas the bundle sheath chloroplasts can metabolise 
sucrose and starch. ,
Downton and Hawker (229) have recently examined separated mesophyll 
and Wndle sheath cells from Zea mays and found that most of the invertase, 
sucrose phosphate synthetase, sucrose phosphatase, DDP-g-glucose pyro­
phosphorylase and amylase was situated in the mesophyll cells whereas 
sucrose synthetase, phosphorylase and ADP-D-glucose8starch transglucosylase 
were confined mainly to the bundle sheath cells. They also suggest that 
the mesophyll layer is the main site of sucrose synthesis in W&lze leaves 
whereas the bundle sheath is mainly concerned with starch metabolism.
There is strong evidence that, in plants with dimorphic chloroplasts, 
malate is the photosynthetic product shlch is translocated freus the 
mesophyll to the bundle sheath cells where it is decarboxylated and the
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CO^  refixed via the Calvia cycle (22,68,76,230) (Fig, 64), If thia Is 
the esse with sugar cane then the mesophyll chloroplasts have all the 
enzymes required to synthesize and catabolize sucrose hut they may not 
be required If malate is translocated to the bundle sheath chloroplasts 
before hexose phosphates and more complex carbohydrates are produced.
The results of Baldry et lU (72), however, suggest that the 
evidence that ^-carboxylation occurs in the mesophyll chloroplasts Is 
not Conclusive* They suggest that a considerably proportion of the PEP 
carboxylase In the leaves, which is required for the CO^ fixation process, 
could be cytoplasmic in origin and stay, in fact, be located in the colour­
less bulliform cells, it is possible, therefore, that malate is trans­
ported to the mes«^hyll chloroplasts where the CO^ is fixed via the normal 
Calvin cycle# The resultant sugars and sugar phosphates are then trans­
located to the bundle sheath chloroplasts and stored as starch in these 
specialized chloroplasts which may be regarded as amyloplasts (Fig, 63).^ 
This latter theory does find support from the results obtained in 
the present study and in particular that both types of chloroplasts have 
the enzymes necessary for sucrose biosynthesis. Therefore, if the Calvin 
cycle does operate in the mesophyll chloroplasts and sucrose is produced 
then it is probable that it is sucrose which is translocated to the bundle 
sheath chloroplasts rather than malate*
The results of Huber et^ al (74) for the levels of carbohydrate 
metabolizing enzymes in the aqueous protein of separated Zea mays 
chloroplasts are, in fact, very similar to those we have obtained from 
sugar cane (Table VIII)# The major difference between the result of the 
investigation of Huber and his associates and our study is that high 
levels of sucrose synthetase and sucrose phosphate synthetase were found 
in both types of cane chloroplasts wherease the German group were unable 
to detect either of these enzymes. However, de Fekete (127) has since
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bundle sheathmesophyll
PEP
»OAA
starchPEP pyruvat
sucrose
OAA pyruvate hexose-P
CALVIN
CYCLE
malate
malate
Fig. 64. Theory of Hatch and others (22, 62, 68, 230, 256) on the 
intracellular location of CO^ fixation and carbohydrate 
in HSK plants (Cy = cytoplasm C = chloroplast)
mesophyl l bundle sheath
OAA
malate
CALVIN
starchCYCLE
hexose-P,
sucrose *  sucrose
Fig. 65. Theory of Bucke and Long (73) on the intracellular location of CO^ 
fixation and carbohydrate metabolism in HSK plants (Cy = cytoplasm 
C = chloroplast)
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t€porM that the two chloropieet fraction# ffom maize po$*e#a hoth 
enzyme activltiee. 2n addition# we were unable to abow any 
glMcoae tranaglncoayiaae activity In either type of cane chloroplaat 
idtereaa Huber et ^  (74) were able to denonatrate the presence of thla 
transglucoaylaae in both meaophyll and bundle aheath chloroplaata from 
maize#
The interpretation of the rezulta obtained with zea maya wa# 
that the capacltiea of the chloroplasta to make starch |n situ are a 
direct reflection of the enzyme complement# Basically# this la the 
same conclusion that has been reached In this study# However# iWber 
ei claim that the transglucosylase in maize bundle sheath 
chloroplasta can utilize both ADP^g^glucose and UDp^g^glucose as 
substrates for starch synthesis. Thia is characteristic of **granary** 
plastlds described by Akazawa (141) and is unlike ^ inach chloroplasts 
which only utilize APF#-]^ ilucose to make transitory starch (132,153).
The two types of cane chloroplasts resemble the spinach organelles In 
that both soluble and bound trsnsglucosylases only utilize Ahp-D-glucose 
for starch synthesis* The probable reason idty starch synthesis is 
largely confined to the bundle sheath chloroplasts in cane is that the 
majority of the AX^|^glucose pyropiio%>horylase is located there, and 
through the photosynthetic intermediates controls the formation of major 
starch precursor
The synthesis of the starch by the mesophyll chloroplasts »&ich 
can occur under suitable conditions whw the sucrose content of the cell 
is high could conceivably involve reversed sucrose synthetase activity 
thus**
Sucrose Abf«l^ >glucose   starch
ADP     ADP
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Such a reaction may also contribute to some extent to starch synthesis 
in the bundle sheath chloroplasts#
Vît The role of galactoliplds in sugar cane chloroolarts
A« Qalactoliplds in dimorphic chloroplasts
Monogalactosyl diglyceride (M02X»} and digalactosyl diglyceride 
(DGDG) are always found as components of the thylakoid membranes of 
chloroplasts (197j. They form the major lipid components of the 
thylakoid membrane and it is assumed that the hydrophobic part of 
the molecule is embedded in the centre of the thylakoid while the 
hydrophilic galactosyl residues project into the stroam# It is 
evident that galactelipids are required to enable the chloroplasta to 
carry out the Hill reaction (192)* Bamberger and Park (193) found 
that the Hill reaction was inhibited idien chloroplasts were incubated 
with a crude mixture of hydrolytic enxymes, WUch included n-galactosidaae#
In the present study# cane chloroplasts have been examined for 
galactolipida and also for carbohydrate metabolising enayMs which 
could modify their structures. This was carried out in the hope #at 
factors controlling the Kill reaction and hence differences in the 
observed rates of photosynthetic reduction between the two types of 
chloroplast would be revealed* For exanple, it has been r^orted that 
chloroplasts isolated from the agranal bundle sheath cells of maiae 
and sorghum both lack the capacity to transfer electrons from photo* 
system 1 to photosystem 2 (see Fig# 3) although both photosystems are# 
in fact# presmst# The mesophyll chloroplasts which contain grans are 
capable of the normal photoreduction of HABF* through photosystmas 
1 and 2 #
Sugar cane chloroplasts were s#*arated by the aqueous technique 
and the galactolipida isolated as described in the £aq>erimental Section*
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MG1X3 and DGDG were identified by thin layer chromatography uaing 
two solvent ayatema (Fig# 0 6 )*
Further charaeteriaation was carried out aa follows i 
MQBG and J5GDG were separated and purified by preparative thin layer 
chromatography on silica gel G# The isolated lipids co*chrwatographed 
with authentic MQDG and DGDG from Chlorella supplied by Dr# B.U* Kichols 
of Wilever ltd* Acid hydrolysia of the purified lipids from the 
cane chloroplaata liberated galactose and glycerol which were identified 
by paper chromatography# The galactose was also characterized using 
galactose dehydrogenase# The ratios of MGDG to DGDG in the chloroplasts 
were determined by measuring the galactose contents using enzymic and 
chemical methods*
The results (Table XVI) suggest that the bundle sheath chloroplasts 
are enriched in DGDG.
Table xvi. Molar ratio of WGDG;DGDG in cane chloroplasts
Galactose
dehydrogenase
method
phenol"# 
sulphuric acid 
method
Mesophyll chloroplasts  ^3,4 3*7' '
Bundle aheath
chlor<%>lasta 2.0 2#0 - ; ■
Bishop jy^  (231), however, in similar eloperiments with maize 
and sorghum have found that the ratios of MGDGsDGDG in both mesophyll 
and bundle sheath chloroplasts are very similar and that the two types 
of chlor<4ilast only differ with respect to the absolute quantities of
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SOLVENT FRONT
PIG M ENT
O  
O  o
NEUTRAL L I P I D
MGDG
DGDG
DGDGMLMGDGBSLM G DG
D G D G
ML MGDG DGDG
Fig. 66. Thin layer chromatography of total lipid from bundle sheath (BSL) and raesophyll (ML) chloroplasts isolated and separated 
by the aqueous technique. Solvent A = 80:25 Solvent B = 80:50:7 (see p . 196 Experimental Section). MGDG =
monogalactosyl diglyceride. DGDG = digalactosyl diglyceride. SL ? = sulpholipid. ? = unknown.
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(MGIX3 and DGDG) in terna of l^lesAg* chlorophyll»
Bishop and his associates claim that the molar ratio of galactolipid 
to chlorophyll reflects the degree of grana formation» This la not 
supperted by our own observation with sugar cane (Table XVIX)
TABUS XVXX» Galactolipid levels in the two types of cane chleroplast»
(isaoles galactolipidVmg chlorophyll)
Mesophyll
chloroplasts
Bundle sheath 
chloroplasts
MGDG 4# 43 3*26
DGDG 1.21 1.63
Total galactolipid 3,66 4,89
Galactolipid determined by phenol«>sulphuric acid method
Table XVXX shows that the ratio of MGDG t DGDG is lower in the 
bundle sheath chloroplasts although the total galactolipid content of 
the two types of chloroplasts is practically the same» These results 
suggest that there is a structural association of galactolipid and 
chlorophyll idiich is similar in both types of chloroplasts# These 
results also suggest that stroma lamellae are comparatively rich in 
DGDG*
leech #  (232) have examined the development of maize pro«^
plastids into mature chloroplasts and they have found that the MGDG # 
DGDG ratio changes from 1 i 1 to 2 I 1 during this process* They 
suggest that this is correlated with the development of grana#
Poincelot (242) has also observed that there is a difference 
between the >g»DG ii DGDG ratio in bundle shedth and mesophyll chloroplasts
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(1*9 and 2*43 respectively) of maize* This difference is not as 
marked as that observed in sugar cane (Table XVÎ)* Roughan and 
Boardman (243) have suggested that MGDG has a role in holding together 
the thylakoids into a grana stack and the results obtained with sugar 
cane may reflect the total lack of grana in the bundle sheath chloro* 
plasts of cane# In contrast, maize bundle sheath chloroplasts have 
small but distinct grana (232)*
B* o^Galactesidase and the Hill reaction
It has been suggested that the Hill reaction in chloroplast 
membranes can be controlled by the levels of hydrolytic wzymes such 
as lipases and galactosidase* It has also been shown that free 
galactose is liberated vdien chloroplast membranes are incubated with 
a preparation from runner bean leaves possessing a~galactosidase 
activity and that there is a simultaneous increase in the light 
intensity requirement for the Hill reaction (193)* This could result 
if the properties of the membrane were altered by loss of hydrophilic 
galactosyl groups which in turn could affect the hydrogen bonding 
within the membrane (cf* forsee et al (233))* A reversal of this 
change would presumably result from the activity of nucleotide^ependent 
galactolipid synthetase (see p* 79)
The Kill reaction was measured in the mesophyll and bundle sheath 
chloroplasts from sugar cane and the rates were found to be similar 
(Table XVIID*
These results conflict with those of Bishop et (80) who found 
that the Hill reaction in maize and sorghum bundle sheath chloroplasts 
preceded at a lower rate than that in the mesophyll chloroplasts from 
these plants*
It seemed possible that ««galactosidase could be involved in the 
control of the Hill reaction in chloroplasts by affecting the level of
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TABUS XVIII# Bill Reaction In sugar cane chloroplast fractions
Fraction
Hill activity 
(pmoles-BClP reduced/ 
hr/mg chlorophyll)
hhole chloroplast 
fraction 159
Mesophyll chloroplasts 122
Bundle sheath fractions 206
DGDG in the thylakoids' meahranee and to this end atteapta were made 
to detect the enzyme activity in cane chloroplaata*
««Galactosidase has been reported in many plant tissues (234) 
but it has not been previously detected in sugar cane* The specific 
activity of this enzyme was shown, in the present study, to be $9.6 
pmoles/min/mg protein. The specific activity of the enzyme derived 
from a whole chloroplast fraction from cane leaves was lower (33.3 
pmoles/aitt/ng protein) but when the chloroplasts were separated into 
the two types by the aqueous method no activity could be detected in 
either fraction. This suggests that some of the ««galactosidase, at 
least, is chloroplast«bound but that it is lâbile and easily lost 
during the isolation and separation procedure*
The mazyme from Wioie leaf protein was partially putifimé by 
ammonium sulphate precipitation (Table XIX)»
The pH optimum of the enzyme from the 30«53% ammonium sulphate 
fraction was examined and was found to be at pH 6.0* The enzyme 
derived from a Wiole chloroplast preparation has a similar pH profile 
(Pig. 67). The possible involvement of ««galactosidase in the control 
of the Hill reaction requires further investigation*
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TABU XIX* Ammonium sulphate fractionation of ««galactosidase 
frcaa sugar can# leaf
Specific activity (unoles 
BHPG hydrolysed/nin/Big protein
Whole leaf soluble 
protein fraction 89,6
0 « 30% fraction 15*8
30 • 35% fraction 125*4
55 « 80% fraction 34*5
177
Enzyme activity
(expressed as a 
percentage of the 
maximum activity 
at pH 6.0)
Enzyme activity
(expressed as a 
percentage of the 
maximum activity 
at pH 5.5)
5 0
100
Fig. 67. Effect of pH on a-galactosidase activity
a. enzyme activity in 30-55% ammonium sulphate fraction of 
whole leaf soluble protein.
b. enzyme activity in soluble protein fraction derived from 
a whole chloroplast preparation.
X P S K X H E N T A L
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VIII Isolation imd separation of sugar cane chloroplasts
Sugar cane (Saccharma offlclnarum) plants were grown In pots 
In greenhouses under natural illumination at the University of London 
Botanical Supply Unit# Normally, fully expanded leaves were harvested 
after 6hr daylight#
A. Microscopy
1# Light microscopy
The leaf material was cut into transverse sections and 
examined under a light adcroscope* The distribution of starch in the 
leaf was examined by decolourizing the sections in 80% aqueous ethanol 
at 100* for 10 i&in# The sections were then dried and mounted in an 
aqueous solution containing 0.2% 1^  and 2% and viewed under a light 
microscope# Areas containing starch were stained purple or red at 
first then rapidly became dark blue or black <235)# Under normal 
conditions of illumination the starch was usually confined to the bundle 
sheath cells#
2# Electron microscopy
The leaf tissue was cut into thin transverse sections which 
were fixed for 60 minutes in 3.25% glutaraldehyde in 0.1M potassium 
phosphate buffer, pH 7«3« Mesophyll and bundle sheath chloroplast pellets 
prepared and separated by the aqueous method (64) were fixed for 60 win 
in 3# 25% glutaraldehyde in 0.33H sucrose buffered with potassium phosphate 
buffer, pH 7.3# The fixed tissues and orgenelles were centrifuged in 
conical centrifuge tubes for 5 win at speed 10 on an M.S.B# Minor bench 
centrifuge. The pellet was post-fixed with 2% osmium tetroxide in 
potassium phosphate buffer, pH 7,3 for 1 hr* and recentrifuged at the 
end of this time <236, 237)# The pellet was then dehydrated in a graded 
series of nthanol/water mixtures i 20, 40, 60, 80, 90% and, finally, two 
changes of absolute ethanol* The tissue was immersed for 5 min at each 
stage# This was followed by two treatments <15 min) with propylene oxide
mâitd then the ###!#» were covered with fresh propyiw# oxide (2mi.) 
ftn4 working solution* and left for I hr. the mixture was
decanted and fresh working aolution (ami.) added and left for 2-t hr 
for infiltration to take place. Blocks were cast with fre^ working 
solution In gelatin capsules and left overnight at 60* in a vacutm 
deaaicator to prevent air huhhle formation during polymerisation.
The blocks were trimmed and ultra-thin sections (200A> were cut with 
glass knives on a leits ultramicrotome (239). The sections were picked 
UP on Copper grids iZiQ mesh sire) coated with formvar.
The coating of the grids was achieved by placing a drop of 1% formvar 
in chloroform on to the surface of sterile water in a dish in a dust* 
free environment. A thin film of formvar was formed a W  the copper 
grids were placed on this. The grids and the film were picked up on a 
clean microscope slide and allowed to dry in a dust-free atmosphere.
The staining of the sections was achieved by invet#g the grids 
on globule# of the stain on a sheet of parafilm. Staining was carried 
out using lead citrate for S min (240) then the grids were washed in
#
Working solution for electron microscopyi T W  following solutions were 
prepared according to luft (238) g
Solution At gpikote $12 (BPOK) 01 ml.
Podecenyl succinic anhydride (PPSA) 100 ml.
Solution Bs %ikote $12 100 ml.
Methyl nadic anhydride (MMa) $9 ml#
Working solution» 0 vola of soluti<ni A were mixed with 4 vols of 
solution B gmd Bensyldimethylamine (BBm# Q.1S ml.) added as an 
accelerator. Thorough mixing was essential as solutions A and B were 
extremely viscous. The working solution was freshly prepared before use.
ISO
sterile water and stained further with uranyl nitrate (1% in 50% aqueous 
ethanol) for 30 min* (241)* The grids were washed again and allowed to 
dry prior to examination in a Metropolitan-Vickers £M6 electron microscope 
at magnifications from 2,000 to 80,000* photography was carried out by 
exposing the gelatin based plates to the electron beam.
B* Isolation of chloroplasts
1* Method 1
Initially, the method described by Whatley and Arnon was used 
(215)* This was later adapted using the isolating medium of Eucke, Walker 
and Baldry (219). Leaf tissue (25g) was chopped into 1cm. strips and 
homogenized in an M«S*£* top drive macerator for 30 sec# in 50ml of 
isolating medium* The isolating medium consisted of 0.33H sucrose con­
taining Ha^HPO^-KH^PO^ buffer (O.tM), mcl (0*1%), MgCl^(0*1%> and soditm 
isoascorbate (20nM)« The macerate was strained through 2 layers of «uislin 
and the resulting brei centrifuged in 50ml glass centrifuge tubes at 200g« for 
$ min* in an M*S*B* Minor bench centrifuge* The intact chloroplasts were 
aedimented at 1,000g« for 10 min, then the supernatant was discarded and 
the pellets were resuspended in isolating medium and used for the initial 
density gradient centrifugation studies* The isolation procedure was 
carried out between 0* and 4*.
2, Method 2
This is the method of Baldry, Coombs and Cross (64), Sugar 
cane leaf tissue from plants exposed to light for 6 hr* was cut into 1cm* 
lengths and placed in a cooled M*S«£* Atomlx macerator containing 200ml of 
isolating medium [0.33M sucrose; 0.01M tetrasodium pyrophoiq>hate; 0*1% MgCl^ i
O.OOlMthioglycollic acid (or 0.001M cysteine) adjusted to pH 6*5 with M HCl 
at 0^ and chilled to a semi liquid consistency] * The came leaf was macerated 
for 15 sec* at line voltage* The resulting brei was squeezed through 2 
layers of muslin and then strained through 8 layers of muslin to remove
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cell debris# the resulting brei was put in 50ml polypropylene 
centrifuge tubes and the chloroplasts were harvested b^ accelerating 
to 6,000 r#p,m# (4,000g) and decelerating as rapidly as possible in 
an M«S«£# 13 refrigerated centrifuge# The resulting pellets were 
resuspended in incubating medium [0#33M sucrose; 2aM BDTA; ImM NgCl^ g 
ImM MnClg* laM cysteine (or tnM thioglycollic acid) in 0#05H potassium 
phosphate buffer pH 6#5]« On examination with a light microscope these 
chloroplasts were found to consist of a mixture of bundle sheath and 
mesophyll chloroplasts together with free starch grains and some cell 
debris#
C# Methods for separating dimorphic chloroplasts 
1# Continuous gradient method
Initially, sorbitol gradients were used in an attempt to 
separate the two types of chloroplast by density gradient centrifugation# 
The sugar cane chloroplasts were isolated by Method 1#
A gradient former was made from two 100ml conical flasks (A and B) 
joined together at the base by glass and polythene tubing (2mm internal 
diameter)# One of the flasks (3) had a 2mm glass tube joined by polythene 
tubing to a capillary tube (see Pig# 69)# The dense sorbitol solution 
(23ml, 44#4% w/w) was placed in flask B and the light solution (23ml, 
33#3%w/w) was placed in flask A# The air bubbles were carefully removed 
from the connectingtubes# A magnetic stirrer was used to mix the 
contents of flask B# Both screw clips were opened and the contents of 
flask B were allowed to fill a 50ml glass centrifuge tube at a slow rate# 
This procedure was carried out at 5^ in order to stabilize the gradient# 
The linearity of the gradients was checked by adding a dye (methylene 
blue) to the dense sorbitol solution#
The chloroplast pellet was resuspended in isolating medium (5ml) 
and then gently layered on top of the sorbitol gradient with a pipette#
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$ m screw clips 
M * magnetic stripper 
T » centrifuge tube
Pig* 69 The gradient former used for the preparation ef
continuous gradients
the Chloroplasts were then centrifuged in a swing out rotor in an 
M#$*£« Major centrifuge at 1,000g for 60 min. at 5^ * At the end of 
the run the gradient was pumped off using a peristaltic pump connected 
to a fine hypodermic needle inserted carefully through the gradient 
to within 0#5ca of the bottom of the tube so that the dense sorbitol 
solution was pumped out first* fractions (1ml) were collected 
iaanually and the chlorophyll was measured according to the method of 
McKinney (220).
2. Ptscontinuous gradient
The chloroplast suspension (10ml) obtained by method 2 
was Carefully layered over 50% w/W sucrose (30ml) in a 50ml glass 
centrifuge tube and centrifuged for 15 min In a swing out rotor in an 
lt.S.E* Minor bench centrifuge at 900g* A dark green layer of mesophyll 
chloroplasts accuwilated at the interface* This layer was essentially
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free of cytoplasmic contamination* A pale green pellet was observed 
at the bottom of the tube after centrifugation* This fraction 
consisted mostly of bundle sheath chloroplasts and starch grains but 
some cell debris was also visible*
The two zones were removed with a Pasteur pipette and were 
diluted with incubating medium (see Method 2) and then recentrifuged 
at 4,000g for 10 min. The pellets obtained were used for the 
preparation of soluble protein extract for enzyme assay*
All operations were carried out at 0* - 3^ in a coldroom and
in refrigerated centrifuges.
3. Won-aqueous fractionation technique
This was based on the non-aqueous fractionation technique of  ^
Stocking (63) which was adapted by Hatch# Slack and Goodchild (62)*
Presh leaf tissue (lOg) was cut into small pieces and immersed in 
liquid nitrogen. The tissue was then lyophillzed and the freeze-dried 
material stored in a vacuum desslcator over at -15* until required. 
The lyophillzed material (0.5g) was homogenised in 30ml of a 
mixture of carbon tetrachloride i hexane (Ç *1*30) using a pre-cooled 
pestle and mortar which was kept cold using dry ice* The homogenate 
was filtered through glass wool and the filtrate centrifuged at ISpOOOg 
for 10 min, in an M«S*£,18 refrigerated centrifuge. The supernatant 
contained material of density <1,30, The pellet (G>1,30) was resus­
pended in CCl^shexane (8 *1*33) and centrifuged again under the same
conditions. The supernatant consisted of chloroplast material of density 
1.30-1,33* This procedure was repeated with CCl^shexane of density 1*36 
and 1*40 so that two more supernatant fractions with material of density 
1,33-1*36 and 1*36-1,40 and a pellet of density >1*40 were obtained*
The supernatants were diluted with an equal volume of hexane and the \ 
chloroplast material harvested by centrifugation at 10#000g for 20 min*
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The pellets were washed with hexane and then dried and stored in a 
vacuum dessicator* All procedures were carried out between 0^ and 
5®.
The soluble protein was extracted by homogenising the pallets 
in Tris-HCl buffer (0.1M, pH 7*5) containing 2aM EDTA and 2ibM cysteine 
with a Eotter-Elvehjea homogeniser# The homogenate was centrifuged at 
105#000g for t hr. in an super speed 50 centrifuge* The
supernatant was dialysed for 4hr*against the same buffer and was then 
used for enzym assay* '
D* Assay Procedures
1* Chlorophyll estimation
Chlorophyll was estimated by the method of McKinney (220).
The pigment was extracted with methanol and the absorbance at 665nM 
and 650nM measured using an Unicam S.E. 500 spectrophotometer*
Zm Protein estimation
Protein was estimated by the method of Lowry et al (222) 
except that the Eolin-Ciocalteau reagent was diluted with an equal 
quantity of deionized water. Bovine serum albumin was used as the 
standard protein*
$* Glucose estimation
Glucose was determined by the glucose oxidase method (221). 
Glucose oxidase (75mg# Boehringcr 15424 BGAC)# horseradish peroxidase 
(7*5mgt 15302 KPAB) and 0-dianisidine hydrochloride (25mg) were dissolved 
in Tris-HCl-glycerol buffer (250ml)* This glucose oxidase reagent was
a
stable for one month at 4 •
Glucose oxidase reagent (2ml) was added to the glucose sample 
(1ml) in stoppered test-tubes. The solutions were thoroughly mixed 
and incubated for 60 mitt, at 37®* The digest was then acidified with 
18K H.SO. (2ml) and allowed to stand. The absorbance of the resulting
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pink colour was measured at 540nM using an Unicam S*F# 500 spectro­
photometer* Standard curves were set iq> using solutions containing
0-50pg glucose,
IX ^ethods in Carbohydrate Enrymology
A* Microassay technique
Conventional techniques were used for enzyme assays where the 
total volume of the assays exceeded 0.1ml* In other cases# a 
microassay technique was used to cope with small volumes of liquid.
This technique involved making micropipettes by drawing out thin 
walled glass capillary tubes in a bunsen flame. A Hamilton microsyringe 
was used to measure out a known volume of deionised water on a sheet of 
Parafilm, This water was then drawn up into the micropipette which 
was then calibrated by mÿcing the Meniscus with a felt-tipped pen*
In this way a range of disposable micropipettes ranging from Zpl to 
50pi were made*
The individual constituents of an enzyme assay were pipetted 
separately on to a strip of Parafilm placed on the cover of a petri 
dish filled with ice. The solutions were mixed together thoroughly 
and taken up in an uncalibrated micropipette. This was then sealed 
at both ends using a bunsen flame and taking care not to he# the assay 
solution. The incubation was started by placing tlwi sealed tube into 
a thermostatted water bhth and the reaction stopped by placing the 
sealed tube in boiling water or in a mixture of acetone and;dry*ice« 
the reaction mixture was streaked on to chromatography paper and dried 
using a hot-air blower.
B. ce-Amylase
1. fetzvme assay
This enzyme was assayed by a modification of the method of
136
Berofeld <244) using a colorimetric procedure to estimate the liberated 
reducing groiq>s <245# 246), This method has been recommended b^ Robyt 
and Whelan (247). Thehhormal reaction mixture (1,0x1) contained A,R, 
soluble starch in 0.1 M-Tria-acetate or sodium phosphate (pH 6,9) 
buffer (10mg/Wl$ 0.5ml) and 0.1 M»NaCl (0,1ml), The reaction was 
started by adding enzyme (0.1 - 0,4ml) and the digests were incubated 
at 35®, Alkaline copper reagent (1.0ml) was added to step the reaction 
and the mixture boiled for 20 min and then cooled* Nelson*a arsenomolyb- 
date reagent (1,0ml) was added and the solution diluted to 24ml and the 
absorbance measured at 520nM, A linear relationship between apparent 
reducing power and maltose level (0-600pg) was observed using this 
method. The specific activity of the enzyme was expressed in terms of 
pg apparent maltose/hr/Wg protein
2, pH dependence of e-amylase activity
The reaction mixture was set up as in B,t except that A,R* 
soluble starch was dissolved in deionized water and phosphate buffer 
(pH range 6.0 * 8.0) or acetate buffer (pH range 3.6 - 5,6) added to a 
final concentration of 0.02H in the assay mixture.
3, Change i *Blue values** with release of reducing power
A macroscale incubation (Total vol. 12.0ml) was set up as
follows; A,R, soluble starch (Km%/Wl of sodium ^ -glycerophosphate 
buffer# pH 6,9) (6.0ml); 0,1H sodium 0-glycerophosphate buffer» pH 6.9 
(2.4ml); 0.1M HaCl (1,2ml) and enzyme (2.4ml) was added to start the 
reaction. Suitable aliquots (1*0ml or 0,1ml) were taken for the 
determination of reducing power at zero time and after 15» 30» 45» 60»
75» too» 120» 150» 180, 210 and 240 min of incubation. The procedure 
for the assay of reducing power is as described above.
Blue values (184) were determined at the same time intervals by 
adding an aliquot (0,1ml) of the incubation mixture to 0,3% 1^ in
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2% aqueous Kl (0,1ml), This mixture was then diluted to Sml and the 
resulting blue colour measured immediately at 584 nm using an tkiicam 
$.F, 800 recording spectrcphotometer. Blue Values were eaqiressed as 
a percentage of the maximum value at aero time,
4. Sephadex G-tOQ gel filtration 
Sephadex G-100 (lOg) was equilibrated with 0,1M Tris- 
acetate buffer# pH 6,9 and then packed into a glass colum 2cm diameter 
X 30cm* length. The soluble protein fraction (3.0ml; 3,22mg) from 
sugar cane chloroplasts was applied to the tc^  ^of the column and then 
eluted with buffer, Fractions (3ml) were collected and assayed for 
amylase activity as described above (B,1>, The void volume was 
determined using blue dextran 2000 as a marker,
5* Determination of Km for m-amylase 
The incubation mixture was as above (B«1) except that 0«1M 
sodium 0-glycerophosphate buffer (pH 6,9) was used. The concentration 
of A,R« soluble starch in the assay was varied and the final assay 
volume made up to 1,0ml with 0,1M sodium 0-glycerophosphate (pH 6*9), 
All incubations were carried out at 35® for 40 min and terminated as 
described above,
6, Paper chromatography of oligosaccharides 
The oligosaccharides produced by the action of sugar cane 
e-amylase were examined by paper chromatography in two solvent systaas;
a) ethyl acetate i acetic acid # formic acid t water 
(13t3i1i4 v/v) - development time 43-60hr,
b) ethyl acetate t pyridine # water (10i4s3 v/v) « 
development time 24-36hr,
The reducing sugars were located by using the silver nitrate- 
HaOH dip reagents (248),
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c* starch phosphofylagq 
1, Enzyme assay
the assay tmg^ loyed by Ruber et ^  <74) was modified# 
the chloroplast fractions were resuspended in 0,184 citrate buffer 
(pH 5,8) and the protein was salted out with (m^)^SO^ (0-100%) 
and the precipitate was resuspended in 0,02M citrate buffer pH 5*8 
and dialysed against the same buffer overnight, the nieroassay (see 
A«1) mixture consisted oft glucose 1-phosphate (O.Snmol» 220#000 dpm)» 
amylopectin ClOOpg) and enzyme in 20nW citrate buffer (pH 5,8)# the 
total volume of the incubation mixture was 42pl# the reaction was 
stopped by boiling and reaction mixture was streaked on to chroma­
tography paper and then dried with a hot-air blower, the chromatogram 
was developed for I2hr with 50% aqueous ethanol, Amylopectin remained
at the base-line and glucose 1-phosphate moved near the solvent front.
14the areas containing [ C] amylopectin were cut from the chromatography 
paper and the radioactivity measured by a scintillation counting 
method, the scintillant used was 5gPP0 and 0#3g dimethyl PŒOP per 1# 
of redistilled toluene, the counting efficiency for [^ C^] amylopectin 
on paper was 90%, the specific activity of the enzyme was e^ressed 
in terms of nmol^  of C glucose 1-phosphate incorporated into amylopectin/ 
hr/ag protein,
14tm Charaeterigation of [ Ç] amylopectin 
The amyl(%)ectin produced» by the action of bundle
sheath chloroplast starch phosphorylase^was eluted from the paper and 
treated with salivary n-amylase in Q,05M phosphate tmffer pH 6,9 for 
30 min,
the reaction mixture was streaked on to chromatography paper 
alongside maltose# maltotrlose and glucose standards and the chromatogram
mwas developed in 18*3*1*4 solvent (see B,6) for 60hr# the chromatogram 
was dried and then cut into two sections* the section containing the 
standards was treated with sliver nitrate/NaOH dip reagent to show up 
the reducing sugars and the section containing the radioactive oligo­
saccharides was cut into 3cm, sections which were counted separately 
in FFO/dimethyl POPOF/toluene scintillant* the counting efficiency was
m .
3* BH dependence of starch phosphoryiase activity 
the assay is basically the same as described in section C*1 
except that trls-acetate on sodium acetate-acetic acid buffers (pH 
range 5*5 * 8*0 and 3*6 - 5.6 respectively) were included in the 
incubation mixture to give a final concentration of 0*1H* the final 
concentration of the citrate buffer was 0*01M and this had a minimal 
effect on the pH of the assay medium*
4* Effect of metabolites on bundle sheath chloroplast starch 
phosphoryiase activity 
The assay was basically the same as described in section C*1 
excqpt that glucose 1-phosphate (BOnaoi# 220,000 <^a) was included in 
the assay* Effectors were neutralised with HaHCO^ , if necessary, and 
included in the incubation mixture to give a final concentration of 
5mM effector* The «pacific activity of the enzyme in the absence of 
effectors was 47#6nmol/hr/kg protein,
P, ADF-g glucose pyrophosphorylase
1* Enzyme assay
The method of Sanwal et ad (94) was modified and the enzyme
was assayed using the microassay technique (A*1), The reaction mixture
(Total vol. 65pl) consisted of glycylglycine buffer, pH 7*5 (20insol),
14MgCl^ (Ipmol), V Oglucose 1-phosphate (0*5nmol ) or O«tpmol» 220,000 dpm).
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ATF (0«2paol), bovine serum albumin <50pg) and enzyme <30|il>« The 
incubation was normally for 30 min at 35®. The reaction was stopped 
by streaking assay mixture on to a paper chromatogram and drying 
quickly* To separate the radioactive UDP-g-glucose from the glucose
1-phosphate the chromatogram was developed in a solvent consisting of 
95% aqueous ethanol t IN ammonium acetate buffer <pK 3,8) (7.5 : 3 
v/v) for 48 hr according to Faladini and Leloir (249)* After allowing 
the chromatogram to dry the UPP-P-glucose was visualised under UV 
light and strips (4cm x 3cm) were cut corresponding to the position of 
Um*-D-gluco#e* These strips were put in vials containing FPô (5g/l) 
and dimethyl PÛPOF (0.3g/l) in redistilled toluene and the radioactivity 
was counted in a Beckman CPN 100 liquid scintillation counter* The 
counting efficiency was 90%
2* Characterization of ABP-D-glucose
The radioactive strips containing ADP-D-glucos# were washed 
with redistilled toluene# dried»and then eluted with dMonized water*
The volume of the eiuate was reduced by rotary evaporaticm under vacuum 
and then the solution was streaked on chromatography paper and subjected 
to high voltage electrophoresis at 80mA# (4#000-5#000 volts) for 45 min 
in 0*1M ammonium formate-formic acid (pK 3*8) UDP-g-glucose# ADP-g- 
glucose and glucose 1-phosphate were also run as standards# The electro- 
phocetogram was cut into strips and counted as described in D# 2*
3* Effect of metabolites on enzyme activity 
The easyme was extracted from whole leaf or from the «ion- 
aqueous bundle sheath fraction with a medium containing Tris-IKU# 
pH 7«5 (50mM)# dithlothreitol (ImM) and £CTA (2mM) and centrifuged at 
lQ5#000g then dialysed against the same buffer,
A slightly modified microassay technique (Total vol. 60|tl) 
was used * Tris-HCl buffer# pH 7*5 <20pmol)# (linaol)# BSA (50pg)#
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ATF (O.Bpmol), glucose 1-phosphattt (O.ipmol, 220,000 dpm) and enzyme 
<20pl>« The enzyme activity was measured in the presence of 0#33mM,
ImM, 3*3mM, lOmM, 33.3mM and lOOraM (Final concentrations) 3PGA in the 
absence of Fi and in the presence of 0,4mM and 1.2mM ÿi. The remaining 
procedure was as described in section D.1#
ADP-^gXucose t starch transglucosylase
1* Preparation of substrate
ADP-^^C-g-glucose was made from ^ ^Oglucose 1-phosphate by
a macroscale preparative method* The incubation (total vol.1,0ml) was
set up as followst Tris-HCl buffer, pH 7*5 (40paol), MgCl^ (lOpaol),
BSA (500pg), ATP (lOpmol), 3-PGA (lOpnol) glucose 1-phosphate (ZpCl,
0,035pmol) and enzyme (0*2ral), The reaction mixture was incubated for
bOmin at 35® and then streaked on chromatography paper (Whatman No,1)
which was then developed for 48 hr in a solvent consisting of 95%
aqueous ethanol t 1M ammonium acetate buffer (pH 3,8) (7,5 t 3 v/v).
The area corresponding to Al^-g-glucose on the preparative chromatogram
was eluted with daonized water and the volume reduced to 0*2ml by rotary
14evaporation under vacuum. By thia method ADF-U C-B-glucose (0*147 pCi) 
was produced with a specific radioactivity of 194 pCi/pmol* The radio­
active purity of the product was checked by paper chromatography and by 
paper electrophoresis as described in D1 and D2*
2* Enzyme assay
The soluble protein from the two chloroplast fractions 
obtained by the aqueous method was extracted in a media containing
0.05M Tris-HCl (pH 6.3) and cysteine (ImM). The homogenate was centri­
fuged at 105,000g for 60 min, the siq^ ernatant was decanted and the pellet 
treated with 0.1% Triton X-100 in 0.05M Tris-HCl (pH 8.3)* All fractions 
were dialysed against 0,05M Tris-HCl overnight and then assayed for 
transglucosylase activity by a modification of the method described by 
Ghosh and Preiss (153),
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The «reaction mixture (Total vol. 80pl) consisted of Tris-HCl, 
pH 8.3 (ZOpmol), KCl (lOpaol), glutathione (O.Simol), 8SA (50ug), 
amylopectin (lOOpg)* ADP-^^C-J-glucose (S.oanmol, 8,150 dpm) and 
enzyme (20pi). The reaction mixture was incubated at 35® and the 
reaction stopped by boiling. The assay mixture was applied to 
chrwatography paper and dried. The chromatogram was develc^ e^d in 
50% ethanol for 15hr, the chromatogram was dried and the radioactive 
amylopectin was estimated as described previously (C.1). The 
amylopectin was characterized as described in section C.2. The 
specific activity was calculated In terms of nmol glucose incorporated 
from ADP-D-gXucose into amylopeetln/hr/mg protein.
The activity of the enzyme in whole chloroplasts was estimated 
by a similar method except that chloroplasts were resuspended in 
incubating medium (VIII B.2), and added to the incubation medium 
instead of soluble enzyme.
F. IIBP-g-glucosej starch transglucosylase
1. Enzyme assay
The enzyme was assayed by the same method as AI^ -g-glucose«
starch transglucosylase except that UDP-^^C-D-glucose (5.02nmol,
14 *55,000 dpm) replaced ADP- C-g-glucose.
0m Linked pyrophosphorylase and transglucosylase activities
The %Aole chloroplast fraction Isolated from destarched leaves 
was prepared by the method of Baldry (64) and suspended in incubating 
medium (VIII B.2).
The assay medium (Total vol. 100pi) consisted of glycyl-glycine 
buffer, pH 7*5 (lOpmol) or glyeine-HaOH buffer, pH 8.4 (lOpmol), WgCl^ 
(Ipmol) BOTA (0.5uaol), cysteine (O.Spmol), BSA (50pg), ATP or VTP 
amylopectin (lOOpg) and chloroplast suspension (50pl). The incubation
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was for 30 min at 35 and was stopped by the addition of 80% ethanol# 
the precipitated amylopectin was resuspended in water (3ml) and 
reprecipitated with absolute ethanol (4ml)« The amylopectin was 
resuspended and reprecipitated twice more and finally dissolved in 
deionised water. The amylopectin solution was spread on chromatography 
paper and dried. The radioactivity was then assayed as described 
previously (C.D#
K. UW-g-glucose pyrophosphorylase
1# Bnsyme assay
The ensymc was normally assayed by the same method as 
A^-g-glucose pyrophosphorylase (D.1) except that UTP (0.2pnol) replaced 
ATP in the incubation mixture. The effect of different concentrations 
of MgCl^ on ensyme activity was examined.
2. Characterisation of UDP-g-glucose
(see P.a>
3. Enzyme assay $ U#-D-g lucose glucose 1-phosphate
The assay medium (Total vol. 40pl> consisted of Tris-HCl 
buffer, pH 7.5 (Spmol), MgCl^ (0.5pmol), UDP-^^C-g-glucose (0.25pmol,
22,000 4)m), PPi (O.apAol) and ensyme (20pl>. The substrate and product 
were separated and the radioactivity assayed as described in 0.1.
I. Sucrose phosphate synthetase
The enzyme was extracted from chloroplast fractions in 0.1M 
Tris-HCl containing 2mM BSTA and 2mN cysteine. This ensyme was assayed 
according to the method of Hawker (130) except that radioactive UBP-g- 
glttcose was used instead of ^^ C-fructose 6-phosphate. The reaction 
mixture (Total vol. 75pl) contained potassium phosphate buffer, pH 6*7 
(2.5|mol); Tris-B:^ buffer, pH 7.5 (2.5|imol), BDTA (O.Spmol), KP (Ipmol),
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fructose 6-phosphate <O.Sp»ol> UPP-ü^ ic-fî-glucose (O.TSpaol# 66,000 
dpm) aiut enzyme (3Qpl)« The incubation was carried out at 35® and 
the reaction terminated by boiling* An aliquot (30pi) was cbromato- 
griq>hed in n-butanolfpyridinetwater (6*4*3 v/v) for 24 hr to determine 
if any sucrose had been produced* The remaining reaction mixture was 
subjected to treatment with alkaline phosphatase (2pl# Sigma Type IlIB) 
in gii 
night.
lyciae-NaOH buffer, pH 10.2 (0.25M) and MgCl^ (lOmM) at 23® ©ver-
The incubation mixture was chromatographed in 6*4*3 for 24hr and 
the radioactive sucrose formed was assayed for radioactivity by the 
liquid scintillation counting method (C»1)
J* Sucrose synthetase
The enzyme was extracted from the chloWplast fractions in 
0*1M Tris-HClt pH 7*5, containing 2mM EDTA and 2aH cysteine* The 
incubation mixture (Total vol. 34pl) consisted of Tris-HCl buffer, 
pH 7*5 (5;inol)j fructose (0*tpmol))UPF-U^^C-D-glucose (0*75pmol, 66,000 
dpm) andP<enzyme (20pl)« The incubation was carried out in glass 
capillary vessels and the reaction stopped by streaking the incubation 
mixture on to chrosatography paper and drying quickly# The chromatogram 
was developed in butanol «pyridine * water (6*4*3 v/v) for 24hr and the 
radioactivity associated with the sucrose was assayed by liquid 
scintillation counting*
The identity of the sucrose was confirmed by paper chromatography 
in 18t3«1i4 (see B*6) and ethyl acetateinpropanol«water (1*7*2 v/v) 
before and after treatment with invertase,
K* Invertase
The enzyme was extracted from chloroplasts in lOoM phosphate 
buffer, pH 6.8 and the 105,000g supernatant was dialysed against the
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same buffer before assay.
The activity of this enzyme %*az assayed by a modificatiem of 
Standard methods using radioactive sucrose and small quantities of 
protein# The reaction mixture (Total vol. 22ul) consisted of sodium 
acetate Imffer, pH 5*0 (Ipmol) or sodium phosphate buffer, pH 6.8 
(Ipmol), sucrose (0«43nmol, 440,000 dpm) and lOpl enzyme# The 
incubation was carried out at 35® and the reaction stopped by boiling#
The substrate and products were separated by paper chromatography in 
6*4*3 solvent (see JT) and the glucose and ^^ C-fructose estimated 
by liquid scintillation counting.
t* pyrophosphatase
This enzyme was assayed by the method of Bucks (108). The 
reaction mixture (Total vol. 1.0ml) contained Tris-HCl, pH 8.3 (350pmol), 
MgClg (20pmol) and enzyme (0.1ml). FFi (Spmoles) was added to start 
the reaction and the assay was terminated by the addition of 0.1ml of 
40% TCA* Aliquots (0.6ml) were assayed for Pi by the Fiske-Subbarow 
method (250).
X. Techniques for the study of chloroplast galactollpids 
A. Isolation and estimation of galactoliptds
1. Extraction ef Total Lipid
Mesophyll and bundle sheath chloroplasts were prepared 
according to the aqueous method of Baldry (64) (v m i j C.2). Both fractions 
were washed with deionized water and then extracted with Isopropanol 
(20ml)# The extracts were then centrifuged at 10,000g a W  the pellet 
re-extracted twice with 20ml aliquots of chloroform*isopropanol (2*1 v/v). 
The extracts were pooled and evfq>orated to dryness under vacuum in a 
rotary evaporator at 35®# The bundle sheath and mesophyll chloroplast 
extracts were redissolved in chloroform*methanol (2*1 v/v) and vmshed
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twice with 0*2 vol 0*7% NaCl in a separating funnel* The extracts 
were then evaporated to dryness as described previously* This is 
the method described by Nichols (251) for the extraction of total 
lipid from chloroplasts*
The chlorophyll content of the total lipid extract was deter* 
mined spectrophotometrically as described by McKinney (220)* The 
total lipid extracts were redlssolved in chloroformsinethanol (2i1 v/v) 
so that the concentration of chlorophyll was the same (approx* Img/ml) 
for both the bundle sheath and the mesophyll extracts*
2* Thin layer chromatography
TLC plates of silica gel Q (250p) were prepared by con­
ventional methods* These were routinely activated by heating at 110^  
for 20 min before use* Lipid samples (20ml) were applied to the TLC 
plates together with MODQ and DGDG standards (obtained from Dr* B,U* 
Nichols, Unilever Ltd,)* The chromatograms were developed in two 
solvents;*
a) diisobutyl ketone* acetic acid* water (80i50;7 v/v) (120 min)
b) chloroform; methanol (80*25 v/v) (45 min)
The plates were air-dried and lipids detected by spraying with 55%
NgSO^ , followed by heating at 120® for 20 stin* The glycolipida gave a 
distinctive red-purple colour reaction*
3* Enzymic determination of galactose in galactolipids 
MGDQ and ÏX3DG from bundle sheath and mesophyll chloroplasts 
were purified by a preparative TLC method on silica gel G (Imi* layer)»
The developing solvent was chloroform; methanol (80*25 v/v)* The lipid 
bands were visualized by spraying the plate with 2**7* dichlorofluorescein 
(0*2% in 95% aqueous ethanol) and viewing under U.V* light* The areas 
of silica gel corresponding to MGDG and DGDG were removed using a razor 
blade and the lipid extracted with chloroform;methanol (2;1 v/v).
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The extracts were evaporated to dryness under vacuum and then hydro­
lysed for 6hr at too® with 2N in sealed tubes. The hydrolysates
were neutralised with BaCO^ and the insoluble BaSO^ removed by centri­
fugation. The supernatant was treated with Biodeminerallte to remove 
all ions and was then used for the enzyme determination of galactose 
(Boehringer Test-Brograa 15921 TQAN)*
The reaction mixture <3.3Cnl) consisted of 0.1M Tris-BCl pH 8.6 
C3«0)f 0.013M NAB (0.1ml) and galactose solution (0.2ml). The absorbance 
at 340nm was measured and then 0.02ml galactose dehydrogenase (Smg/ml* 
Boehriager 15095 BGAA) added and the incubation carried out for 40 min 
before the change in absorbance at 340nm was measured (253).
4. Estimation of galactolipid by the phenol-sulphuric 
acid method (252)
WXXi and BGDQ vrere separated on silica gel 0 TIC plates 
in B0s50i7 solvent (see À.2). The lipids were visualized by treatment 
with iodine vapour and the galactolipid bands were outlined with a 
needle. 1%e iodine was allowed to evaporate. The areas of silica gel 0 
containing the galactolipids and a co#>arable area of gel containing no 
lipid (blank) were scraped off into centrifuge tubes. Then 5% aqueous 
phenol (1ml) was added to the adsorbent. Concentrated H^SO^ (4ml) was 
added rapidly to the mixture and the contents of the tube were thoroughly 
mixed in a vortex mixer. The mixture was allowed to stand for 15 min 
before centrifugation afc IfOOOg for 5 min. The absorbance of the super­
natant was measured spectrophotometrically at 435nm against a water 
blank. The absorbance obtained for the gel with no lipid present (0.1) 
was subtracted from the values obtained for the galactolipid sas^ les.
The relationship between absorbance and the amount of galactose in the 
assay was linear up to Ipnol galactose.
mB, mil Reaction (254)
The thloroplaat# were prepared by the method of Baldry $X iL 
The chl&roplaat fraction# were reauapended in incubating medium (see 
viîl B.2).
the reaction medium for the mil reaction wa# mde up a# follow#* 
0.05M pho^hate buffer, pK 7.0 (5.0àl)* 0#02MKG1 (1.0ml), 0.25»M CCFlf 
(1,0ml) and chloropla»* aurpenaion (O.W, ca« 30pg chlorophyll) wa# 
added to start the reaction* The reaction mixture wa# made #  in 
Spectronic 20 colorimetr tube# and the reaction mixture# were kept at 
15® in a water bath a^d illuminated with 4 fluorescent light# at a 
diatanee of 10cm* The decrease in absorbance of the PCTI7 at eoonm 
wa# measured at 0«5min interval#. There was no reaction In the absence 
of %C1 or Wien boiled chloroplasts were used. The Initial rate of the 
reaction was linear and was measured in term# of pmole# DO?IP reduced/ 
%t/m$ chlorophyll,
C# e-Galactosidase»
The activity of this emayme was measured by a modification of the 
method of Dey and Pridham (255), The incubation mixture (t,ônl> consisted 
of I 0.1M citrate-phosphate buffer pH 4,0 (0,5ml), enayme (0,4ml ) and the 
reaction was started by adding lOmM p-nltrophenol e-g-galactoside (0,1ml), 
The incubation we# carried mit at 30® and terminated by the addition of 
0.1M Ha^CO^ (2.0), The absorbance of the p-nitrophenol released was 
measured at 405 nm#
In pH i^timwm studies 0*5W citrate-phosphate ixiffer, pH 5*0, was 
replaced by the appropriate buffer of the same concentration. The con­
ventional ammonium sulphate fractionation procedure was used In which 
the protein was sal tad out with solid ammonium sulphate added gradually 
with constant stirring over a period of 30min at o®.
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a-AMYLASE ACTIVITY IN SUGAR CANE 
{SACCHARUM OFFICINARUM) CHLOROPLASTS
E. J. B o u r n e
Department o f Chemistry, Royal Holloway College, University o f London, Englefield Green, Surrey
and
D. R. D a vies  and J. B. P r id h a m  
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{Received 20 August 1969)
IN T R O D U C T IO N
T h e  p r im a r y  photosynthetic products of tropical plants, including sugar cane, are C* 
dicarboxylic acids and these plants possess two types of chloroplast. One of these (grana 
type) has a normal structure, stores little starch and is associated with the leaf mesophyll 
cells. The other type (non-grana) stores relatively large quantities of starch and is found in 
the bundle sheath cells.^"^
The following study, which was undertaken as part of a general investigation of carbo­
hydrate metabolism in sugar cane chloroplasts, has revealed that most of the amylase 
activity of cane leaves is associated with these organelles and particularly with those of the 
non-grana type. Moreover, this activity is mainly attributable to a-amylase, but the possi­
bility of traces of ^ -amylase has not been excluded.
R E S U L T S  A N D  D I S C U S S IO N
Initial studies with soluble protein from whole chloroplast fractions showed the presence 
of an enzyme which degraded starch with the formation of maltose, maltotriose and higher 
molecular weight oligosaccharides (DP 2-5; paper chromatography). The pH optimum of 
this activity was 6-9 when measured with whole chloroplast, grana and non-grana protein 
fractions. Whole chloroplast fractions produced the same hydrolytic products when incu­
bated with starch at both pH 4 8 and 6-9 thus suggesting that the activity was due mainly to 
a-amylase and not jS-amylase. The hydrolytic activity at pH 4-8 was only 20 per cent of 
that at pH 6 9.
' M. D . H a tc h  and C. R. Sl a c k , Biochem. J. 101, 103 (1966).
3 M . D . H a t c h , C . R .  S l a c k  a n d  H il a r y  S . J o h n s o n , Biochem. J. 10 2 ,4 17  (1967).
 ^ M. D . H a tc h  aod C. R. Sla c k , Biochem. J. 106,141 (1968).
* C. R. Sla c k  and M. D . H a tc h , Biochem. J. 103, 66 (1967).
® W. M. L a etsch , D . a .  Stetler  and A. J. Vlitos, Z , Pflanzenphysiol. 54 ,472 (1966).
® W. M. L aetsch , Am. J. Botany 55, 875 (1969).
’ W. M. L aetsch  and I. P ric e , Am. J. Botany 56, 77 (1969).
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Table 1 shows that the amylase from whole chloroplast fractions is activated by chloride 
and by calcium ions and inclusion of both in the incubation medium increases the activity 
approximately 5-fold: incubation of the enzyme with NaCl (10 mM) and EDTA reduces 
the activity 4-fold compared with NaCl alone, which suggests that some calcium ion is bound 
to the crude protein fraction. These conclusions are substantiated by the ion-addition experi­
ments in Table 2 where the protein fractions have been dialysed against EDTA prior to 
examination. Here again it is apparent that it is mainly a-amylase and not jS which is present 
in the cane chloroplasts as only the former enzyme is normally activated in this way by 
calcium and chloride ions.
T a b l e  1. T h e  e f f e c t  o f  io n s  o n  « -a m y la se  a c h v t t y
Relative activity {%)*
Tris-acetate buffer Phosphate buffer 
Salt pH  6-8 pH 6-8
N o  addition 2 0 0 1 3 6
NaCl 5 mM 891 87-7
10 mM 1000 92-3
20 mM 1000 9 3 2
CafNOs): 5 mM 4 1 3 —
10 mM 4 5 0 —
20 mM 4 1 3 —
Ca(N03)2 lO m M l 9 3 5NaCl 10 mM J
EDTA 10 m M l 
NaCl 10 mMJ 2 5 5 —
* Fully activated enzyme (+ 1 0  mM NaCl) =  100.
T a b l e  2 . T h e  e f f e c t  o f  d ia l y s in g  « -a m y la se  a g a in s t  E D T A
Addition Relative activities (%)
Original activity (NaCl, 10 mM) 100
Boiled enzyme 0
After dialysis against 0 1  M EDTA
N o addition 0
NaCl (10 mM) 13 6
Ca(NÜ 3 ) 2  (10 mM) 19 4
Ca(NÜ 3 ) 2  (10 mM) NaCl (10 mM) 6 5 2
Haapala® has claimed that Stellaria media chloroplasts contain ^-amylase as judged 
from mercuric ion inhibition and the pattern of starch hydrolysis products. A recent survey 
by Gates and Simpson® has shown that a-amylase is ubiquitous in higher plants. These 
workers only concerned themselves with whole leaf preparations, however. An unspecified 
amylase has been shown to occur in whole leaf preparations of sugar cane.^°
The levels of a-amylase in whole leaf and chloroplast protein fractions from cane (Table 3) 
show that the specific activity of the enzyme is considerably greater in the organelles than in
® H .  H A A P A L A , Physiol. Plantarum 22 ,140 (1969).
® J .  W. G ates and G. M. S im p s o n , Can. J. Botany 4 6 , 1459 (1968).
A . G. A l e x a n d e r , J. Agr. Univ. Puerto Rico 48 , 165 (1964).
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the remainder of the leaf; indeed in vivo the amylase may well be completely organelle- 
bound. The other point of interest is that the non-grana type chloroplasts have an activity 
twice as high as that of the grana-type. This may be related to the large quantities of starch 
found in the former organelles, i.e. they possess a more efficient method for starch degrada­
tion than the grana-type.
T a b l e  3. L evels  o f  « -am y la se  i n  c e l l  f r a c t io n s
«-Amylase 
{jj.g apparent maltose/hr/jug protein)
L ea f batch A {collected in June 1968)
1000 g supernatant 1 9
Whole chloroplast fraction 4 4 0
L ea f batch B {collected in M ay  1969)
W hole leaf protein 0 7
Grana type chloroplast 5 6
Non-grana type chloroplast 125
Variations in the levels o f  «-amylase, which are probably seasonal, have 
been noted on several occasions. Highest levels o f  enzyme appeared to be 
associated with periods o f rapid growth.
Further studies are continuing on the levels of other starch-hydrolysing enzymes and of 
synthetases in cane chloroplasts.
E X P E R IM E N T A L
Plant M aterial
Sugar cane plants were grown in pots in greenhouses at the University o f London Botanical Supply Unit 
under natural illumination. Mature leaves were harvested during the spring and summer months after 6-8 hr 
daylight.
Preparation o f  Chloroplasts
Whole chloroplast pellets were prepared by the method o f Bucke, Walker and Baldry and washed once 
with the isolating medium." Chloroplast fractionation into grana and non-grana types was effected by 
centrifugation through 50% sucrose and the pellets washed, as described by Baldry et a /."
Preparation o f  Soluble Protein
Pellets were suspended in 10 m M -Na2 HP 0 4 /K H 2 P 0 4  buffer (pH 6 9) and homogenized in a Potter- 
Elvehjem homogenizer. The suspension was twice frozen and thawed to facilitate disruption o f the chloroplast 
membrane. The resulting brei was centrifuged at 40,000 g  for 30 min to remove the membranes and the soluble 
protein precipitated by gradual addition, with stirring at 0°, o f solid (NH 4 ) 2 S0 4  to a final conc. o f 80%. 
The protein was centrifuged at 10,000 g  for 20 min, redissolved in 2-5  ml o f 10 mM-phosphate buffer (pH 6 8) 
and finally dialysed against 11. o f  the same buffer at 5° for 12 hr.
Enzyme Assay
The enzyme was assayed by a modification o f the method o f Bernfeld" using a colorimetric procedure to 
estimate the liberated reducing groups."*" This method has been recommended by Robyt and W helan."
"  C. B u c k e , D . A. W a l k e r  and C. W. B a l d r y , Biochem. J. 101, 636 (1966),
"  C . W. B a l d r y , J. C o om bs  a n d  D . G r o ss , Z . Pflanzenphysiol. 60 , 78 (1968).
"  P. B e r n f e l d , in Methods in Enzymology (edited by S. P. C o l o w ic k  and N . O. K a p l a n ), Vol. I, p. 189, 
Academic Press, New York (1955).
"  N . N e l s o n , / .  Biol. Chem. 153, 375 (1944).
"  M. SoMOGi,/. Biol. Chem. 160, 69 (1945).
"  J. F. R o b y t  and W. J. W h e l a n , Biochem. J. 95, IQp (1965).
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The normal reaction mixture (total v. 1 0  ml) contained A.R. soluble starch (British Drug Houses Ltd.) in 
0 1  M-Tris-acetate or phosphate (pH 6 9) buffer (10 mg/ml; 0 5 ml) and 0 1  M-NaCl (01  ml). The reaction 
was started by adding enzyme (0 1 -0  4 ml) and digests were incubated at 35°. Alkaline copper reagent 
(1 0  ml) was added to stop the reaction and the mixture boiled for 20 min and then cooled. Nelson’s arseno- 
molybdate reagent (1 0  ml) was added, the solution diluted with water to 25 ml and the absorbance measured 
at 520 nm. A  linear relationship between reducing power (expressed in terms o f jag maltose/hr/jag protein) 
and time up to 60 min was observed. Protein was determined by the method o f Lowry et a /."
Paper Chromatography
Oligosaccharides were examined on paper chromatograms using two solvent systems ; ethyl acetate : acetic 
acid : formic acid : water (18:3:1:4) and ethyl acetate : pyridine : water (10:4:3). The compounds were located 
with a silver nitrate/NaOH reagent.' ®
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